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Executive Summary 
One response to requests from the transport industry to allow more “freight efficient” heavy 
vehicles (HVs) onto the road network has been that road authorities have allowed higher 
axle loads in return for HVs being equipped with “road-friendly” suspensions.  These 
suspensions (particularly those with air springs) are critically dependant on shock absorber 
health for proper operation.  They are only certified, however, as “road-friendly” at the time 
of manufacture and this via a type-test.  Once in service, the “road-friendliness” is 
determined solely by the maintenance regime of the transport operator.  There is no in-
service test for HV suspensions in Australia yet.  Over 50% of HVs do not meet at least one 
of the criteria for Australian requirements of “road-friendly” suspensions (Blanksby, 
George, Germanchev, Patrick, & Marsh, 2006). 
The Australian Government and the States of New South Wales and Queensland are 
funding a programme to develop an in-service suspension test for HVs (Australia 
Department of Transport and Regional Services, 2005a, 2005b).  This report examines 
some possible low-cost test methodologies for an in-service HV suspension test and their 
results within the context of a “proof-of-concept” test programme.  The results show that 
low-cost testing is possible and is comparable in accuracy to the high-cost methods used for 
the original “road-friendly” certification. 
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1 Introduction 
One response to requests from the transport industry to allow more “freight 
efficient” heavy vehicles onto the road network has been that road authorities 
have allowed higher axle loads in return for different (“road-friendly”) heavy 
vehicle suspension designs.  Characterisation of these types of suspensions is 
the subject of this report. 
 
1.1 Background 
1.1.1 General 
The following section is a summary version of the Background section in the 
literature review of the joint Main Roads/QUT project Heavy vehicle 
suspensions – testing and analysis (Davis & Bunker, 2007). 
It is provided as a brief introductory framework to: 
 provide historical context for the introduction of “road-friendly” heavy 
vehicle suspensions into Australia; 
 show the drivers leading up to the current regulatory and operating 
environment in Australia regarding air-suspended heavy vehicles 
(HVs); 
 reinforce the drivers for research into air sprung HV suspensions;  
 reiterate the rationale for research into HV suspension testing; and 
 provide context for the thrust of the experimental approach and 
findings of this report. 
Some repetition and reiteration of some points in the previous work (Davis & 
Bunker, 2007) was necessary herein in order to provide the context for this 
report and to ensure that it can be read as a stand-alone document. 
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1.1.2 The Australian transport industry – overview of regulatory 
reform drivers 
Compared with international practices, HVs used by the road transport 
industry in Australia are characterised by: 
 very high axle and axle group loads; 
 more trailers; 
 many axles; and 
 longer gross combination lengths. 
Access by these increasingly “freight efficient” HVs to the road network has 
not been attained overnight but has been brought about via incremental 
increases in the legal mass, configuration and dimensions of HVs since 
transportation began to be regulated in Australia.  The pressures on road 
authorities to grant such increases have been driven by a road transport 
industry that has sought to meet the requirements of the transport task under 
pressure from clients demanding as-low-as-possible freight charges in a 
country characterised by: 
 long distances; 
 low population density; and 
 a collective view that the standard of living should be equivalent to that 
of other first-world countries. 
Accordingly, road authorities and transport regulators have been, and are, 
placed in a situation where continuous transport industry requests are received 
for road network access by increasingly more “freight efficient” vehicles.  On 
the infrastructure and access supply side of the transport task equation, road 
authorities have sought to balance these pressures against: 
 uncertain funding commitments in a 3- or 4-year political cycle; 
HV suspension characterisation - impulse testing & analysis 
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 the affordability of network investment being dependant on 
unpredictable economic prosperity/severity cycles; 
 long-distance network links built at low cost; 
 aging infrastructure, not always maintained at desirable levels due to 
funding unevenness; 
 long lead times for construction of pavements and bridges; 
 orders-of-magnitude greater infrastructure construction times compared 
with constructing innovative “freight efficient” vehicles; and 
 network assets designed to standards which, at the time of design and 
construction were adequate for the design vehicles of the day but; 
 the design vehicles used when many of the network assets were built 
had much lower axle/axle group loadings than those HVs that are 
currently on the network. 
 
1.1.3 Historical perspective and genesis of “road-friendly” 
suspension specification 
In 1984, German legislation allowed two-axle buses to carry an extra tonne on 
the rear axle.  This was conditional on the bus axle-body interaction over a 
“step-test” having a natural body-bounce frequency of less than 1.5 Hz and a 
damping ratio of at least 0.25.  Suspensions characterised as meeting these 
parameters were designated “road-friendly”.  The legislation relied on research 
which translated body-bounce parameters into road damage using a “road 
stress factor” (RSF) approach (Davis & Bunker, 2007) to determine damage 
equivalence.  Accordingly, concessional allowances for vehicles with “road-
friendly” suspensions were derived (OECD, 1992).  At this time, these “road-
friendly” suspensions incorporated air springs exclusively. 
Air-suspensions on HVs were then introduced more widely into Europe on 
other HVs, notably trucks, at higher axle masses.  This resulted in higher 
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payloads and was therefore economically attractive to transport operators.  
This development was based on a blanket approval of any HV suspension 
design incorporating air springs.  The background research to that move 
indicated that air-suspended drive axles at 11.5 t produced the same road 
damage as non-air-suspended drive axles at 10.5t.  This wider introduction of 
the higher axle mass concessions did not, however, require similar 
performance or parametric tests to that specified for “road-friendliness” of HV 
suspensions in the German legislation (de Pont, 1992; Potter, Collop, Cole, & 
Cebon, 1994).  Consequently in the United Kingdom in the early 1990s, for 
instance, any air-sprung HV tri-axle group was allowed 24 t; the same vehicles 
with non-air suspensions were restricted to 22.5 t (de Pont, 1997). 
In order that HV suspension innovation not be stunted, EC directive 85/3/EEC, 
as amended by Council directive 92/7/EEC (European Council, 1996), was 
introduced.  This was to somewhat compensate for the previous design-based 
blanket approval of air suspensions (de Pont, 1997) but also to encourage 
development of “friendlier” non-air HV suspensions that were less damaging 
to road network assets (de Pont, 1992; Gyenes, Mitchell, & Phillips, 1994). 
Similar to the German approach, a “load equivalence law” was used to 
formulate the 92/7/EEC directive.  This to determine the amount of extra 
payload an air-sprung HV could be allowed if its damage effect was deemed to 
be equivalent to that of a HV with conventional steel suspension at regulation 
mass (Collop & Cebon, 1997).  The damage equivalence law used was based 
on that developed by Sweatman’s (1983) “dynamic road stress factor” (Davis 
& Bunker, 2007) derived from Eisenmann (1975) to estimate pavement 
damage. 
The directive allowed heavier axle loads for: 
 air suspended drive axles in a blanket design-based approval; as well 
as; 
 other axles meeting the criteria (listed below); and therefore 
 HVs thus equipped to be approved as “air equivalent”. 
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The directive specified a testing regime for a HV suspension to be rated as 
“road-friendly” (or “air equivalent”) provided: 
 it had a natural body-bounce frequency at or below 2.0 Hz; 
 it had a damping ratio of or greater than 0.2 (or 20%) of the critical 
damping value; and 
 50% or more of the viscous damping was provided by the shock 
absorbers. 
These terms are explained more fully in Section 1.1.4.  The benchmarks for 
these parameters were the criteria against which any suspension could have its 
“damage equivalence” measured.  Suspensions so rated were permitted the 
same mass concessions afforded to air suspensions. 
It is for noting that the body-bounce frequency was not necessarily the only 
available choice to determine well-behaved suspensions when the EU and, 
later, Australian specifications for “road friendly” suspensions were 
formulated.  HVs have their vehicle body bounce frequencies in the range 1.0 
– 4 Hz whilst the axle bounce (axle hop) frequencies are in the 8 – 18 Hz range 
(Gyenes & Simmons, 1994; Middleton & Rhodes, 1991; Mitchell, 1987; 
OECD, 1992).  Further, of the two HV dominant responses to suspension 
perturbations, axle-hop has the potential to generate greater magnitude forces 
(Sweatman & Addis, 1998). 
The outcomes of DIVINE project (OECD, 1998) which expanded on the 
earlier European work (OECD, 1992) were put to the collective judgement of 
Australian road authorities in the context of the micro-economic reform 
popular in the 1980s and 1990s in Australia.  Compared to HVs fitted with 
conventional steel springs and operating at statutory mass it was concluded 
that HVs fitted with “road friendly” suspensions (RFS) could operate at higher 
axle and axle-group loads at the same time doing no more damage to the 
network asset than the conventional HV case (Pearson & Mass Limits Steering 
Committee, 1996).  Accordingly, higher mass limits (HML) schemes allowing 
HVs to carry greater mass in return for, amongst other requirements, being 
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equipped with “road friendly” suspensions (RFS) were implemented in the 
majority of Australian States.  This was the first time in Australia that axle-
mass increases were conditional on a specific vehicle design element.  This 
decision marked a point in Australia’s transport history where there was a 
collective realisation that there was not much scope for further blanket 
increases in GVM due to increasing costs of maintenance and capital for 
infrastructure capable of carrying heavier HVs (Sweatman, 1994; Woodroofe, 
LeBlanc, & Papagiannakis, 1988).  The road network asset had reached a point 
where any further gains in HV productivity would need to be traded off against 
more efficient boutique vehicles with improved design (Sweatman, 1994). 
The HV suspension requirements under HML schemes in Australia broadly 
followed the European assumption that air suspensions on HVs should be 
allowed a payload advantage over conventional steel-sprung axles based on 
“damage equivalence” (Pearson & Mass Limits Steering Committee, 1996).  
Australia incorporated the 92/7/EEC parameters and tests into its VSB 11 
certification regime (Australia Department of Transport and Regional 
Services, 2004a) for road friendly suspensions as well as adding additional 
requirements regarding static load sharing (Davis & Bunker, 2007).  The RFS 
standard in Australia is regulated by the Department of Transport and Regional  
Services (DoTaRS) (2004a).  DoTaRS certifies “road friendly” suspensions 
under testing defined in the Vehicle Standards Bulletin No. 11 (Australia 
Department of Transport and Regional Services, 2004a).  As with the EC 
directive based on “air-equivalence” of RFS suspensions (de Pont, 1992), two 
of the parameters which are used to define HV “road-friendliness” in Vehicle 
Standards Bulletin No. 11 (VSB 11) are the damping ratio and natural damped 
frequency (please see Section 1.1.4 for an explanation of these terms) of an 
axle/body assembly. 
RFS in Australia generally incorporates air springs, although there are some 
steel-sprung RFS emerging onto the market (Australia Department of 
Transport and Regional Services, 2004b).  HV axle models are certified as 
“road-friendly” via type-testing of a representative sample of a model of an 
axle either singly or as a group.  Certified axle/s fitted to any particular HV 
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when it is first registered for HML or other duties requiring RFS deems that 
HV to be “road friendly”.  Hence, RFS-equipped HVs in Australia are certified 
to VSB 11 as “road friendly” at the time of manufacture and with type-tested 
axles. 
The implementation of the various HML schemes in Australia did not stop the 
road transport industry pressuring road authorities and transport regulators for 
more concessions on mass and vehicle combinations, however.  Within the 
operational framework of larger, heavier HVs with more axles and trailers as 
noted above, fewer prime movers for a given freight task was, and continues to 
be, a more attractive financial proposition for transport operators and their 
clients.  Post-HML, the new wave of multi-combination vehicles (MCVs) was 
rolled out in various forms (Haldane, 2002).  In an effort on the part of road 
authorities and transport regulators to minimise network asset damage, these 
MCVs were and are required by almost all road authorities to have “road 
friendly” suspensions as one of their access conditions. 
 
1.1.4 Theory for determination of parameters of second-order 
systems viz: HV suspensions 
Characterising heavy vehicle (HV) suspensions is central to the EU (and 
Australian) test for “road friendliness” (Australia Department of Transport and 
Regional Services, 2004a; European Council, 1996).  Two measurements used 
to show that heavy vehicle suspensions are road friendly are the damping ratio, 
zeta (ζ) and the damped free vibration frequency (f). 
The damped free vibration body-bounce frequency is the frequency at which a 
truck’s body has a tendency to bounce on its suspension with the largest 
excursions whilst being damped by the suspension dampers (shock absorbers).  
Its derived unit is Hertz (Hz), derived from first principles as s-1. 
The damping ratio is a measure of how fast a system reduces its oscillations 
(and returns to quiescent or steady state) after a disturbance.  In the context of 
HV suspensions as a second-order system, it is a measure of the reduction in 
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excursions of subsequent amplitudes of the output signal from that second-
order system.  In HV suspensions, it is related to a measure of how quickly the 
shock absorbers and other components reduce body bounce and wheel hop 
after the truck hits a bump.  The damping ratio, zeta (ζ), is a dimensionless 
number and is usually presented as a value under 1.0 (e.g. 0.3) or a percentage 
(e.g. 30%) denoting the damping present in the system as a fraction of the 
critical damping value (Doebelin, 1980). 
Chesmond (1982) showed that system parameters may be characterised in a 
number of ways.  Amongst these were: 
 application of a random input signal to a system.  Random signals are 
sometimes known as “white noise” and contain all frequencies in equal 
proportion.  Fourier (or other frequency domain) analysis of the output 
signal resulting from that random input may be used to determine the 
characteristics of the system transfer function.  The damped free 
vibration frequency (f) of the system characterises that transfer function 
and will show up as the largest magnitude peak in the frequency 
spectrum of the output signal after the application of “white noise” as 
an input signal.  Frequency-domain analysis may be foregone if the 
signal is recognisably sinusoidal and the inverse of the time between 
consecutive peaks is used to determine frequency; or 
 application of an impulse input signal to a system: a perfect impulse 
signal contains all frequencies in equal proportion.  Again, Fourier 
analysis of the output signal may be used to determine the 
characteristics of the system transfer function.  Similar to random input 
signal excitation, the dominant (in this case, damped free vibration) 
frequency will manifest as the largest peak in the frequency spectrum 
of the output signal for a given impulse input.  An alternative to 
Fourier frequency-domain analysis is to measure the time between 
consecutive peaks and take the inverse to determine frequency.  This 
latter only if the waveform is recognisable as sinusoidal. 
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 Subjecting any system to an impulse signal and measuring the reducing 
excursions of the output signal enables the damping ratio of a system to 
be determined. 
The input signal used to excite the system is known as the forcing function. 
Doebelin, p79 (1980) said, on the subject of length of time over which the 
impulse function is applied and its shape:  ‘We see that if [the input function’s] 
duration is “short enough”, the system responds in essentially the same way as 
it would to a perfect impulse of like area and that the shape of [the input 
function] makes no difference whatsoever.’ 
The damping ratio (ζ) may be determined by comparing the values of any two 
consecutive response peaks in the same phase (i.e. comparing the magnitudes 
of the 1st and 3rd excursions or the second and 4th excursions) of the output 
signal of an underdamped second-order system after an impulse function input 
has been applied (Meriam & Kraige, 1993).  Prem, et al., (2001) used the 
formula (Meriam & Kraige, 1993): 
dn τζϖζ
piζδ  =
−
=
21
2
        
Equation 1 
 
where δ  is the standard logarithmic decrement (Meriam & Kraige, 1993) 
given by the following formula: 






=
2
1ln
A
Aδ
    
Equation 2 
where: 
A1 = amplitude of the first peak of the response; and 
A2 = amplitude of the third peak of the response; [or A1 and A2 as the first two 
peaks of the response that are in the same direction (i.e. on the same side of the 
x-axis of the time-series signal of the response) as shown in Figure 1]; 
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ζ = the damping ratio (Equation 1);  
dτ = the damped natural period; 
nω  = the undamped natural frequency = 21 ζ
ω
−
d ; and 
Equation 3 
dω  = the damped natural frequency (Meriam & Kraige, 1993; Thomson & 
Dahleh, 1998). 
which may be derived from first principles of the equations of motion of 
second-order systems (Meriam & Kraige, 1993; Thomson & Dahleh, 1998).
 
Alternatively, A1 and A2 may be described as the first two peaks of the 
response that are in the same direction (i.e. on the same side of the x-axis of 
the time-series signal of the response). 
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Figure 1.  Illustrating the values used to derive damping ratio of a second-order 
system. 
 
Where it is desired to determine damping ratio from a signal with more than 2 
peak values of the signal on the same side of the x-axis in a time series, 
Thomson & Dahleh (1998) provide: 






=
nx
x
n
0ln1δ
 
Equation 4 
 
to substitute into Equation 1, where: 
xn = the amplitude after n successive cycles have elapsed; and 
x0 = the amplitude when n = 0; or 
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for the case where continuous successive peaks are present (Technical 
Committee ISO/TC 22, 2000): 


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Equation 5 
 
Note: Starting with Equation 1 and solving for ζ  (Meriam & Kraige, 1993) the 
following relationship between ζ and δ may be found: 
          
 
 
Equation 6 
 
as shown in other work (Davis & Bunker, 2007). 
 
1.1.5 The contribution damping makes to the “road-friendliness” 
of HV suspensions 
HV air suspensions rely on suspension dampers (shock absorbers) almost 
entirely for damping.  Where dampers fail in steel spring suspensions, the 
Coulomb friction between the leaves of the steel spring provides residual 
damping.  Air suspensions have no similar mechanism as their air springs have 
virtually no friction as they expand and contract, an action akin to bellows or a 
balloon. 
The action of conventional shock absorber damping is termed “viscous 
damping” and is dependant on velocity and force (Prem, George, & McLean, 
1998; Sweatman, McFarlane, Komadina, & Cebon, 2000).  The viscous 
damping is a retardation force that may vary with directional velocity. 
The particulars of this phenomenon are detailed later in Section 5.  Shock 
absorbers control the speed of movement between the axle and the body of a 
vehicle and convert the energy generated thereby into heat that is dissipated by 
the outer case of the damper. 
])2[( 22 δpiδζ +=
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Instantaneous dynamic force generated by typical travel over commonplace 
unevenness in roads produces very high dynamic loads when RFS are lightly 
damped compared with those generated by conventional HV steel suspensions 
(Costanzi & Cebon, 2005; OECD, 1998). 
The final report of the DIVINE project (OECD, 1998) showed that dynamic 
wheel loads can increase by ∆50kN when an air suspension has ineffective, 
damaged or out-of-specification shock absorbers (Figure 2) as determined 
experimentally by Woodrooffe (1997). 
How much these increases can damage the network asset was addressed in the 
work of Costanzi and Cebon (2005) eight years after DIVINE and is covered 
in Section 1.4.2 below. 
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Figure 2.  Showing the difference in wheel-forces when shock absorbers are not 
operating (OECD, 1998; Woodrooffe, 1997).  The two resonant peaks are body-bounce 
(left) and axle-hop (right). 
 
 
1.1.6 Testing heavy vehicle suspension “road-friendliness” under 
VSB 11 
As seen in Section 1.1.4, second-order systems (such as HV suspensions) may 
be characterised for their damping ratio and natural frequency (also called, not 
entirely correctly, “fundamental frequency” or just “frequency”) by subjecting 
a system to a perturbation (forcing function) and measuring the response, such 
as body-bounce, as an output. 
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Two measurements used to show that heavy vehicle suspensions are “road 
friendly” are the body-bounce damping ratio and the body-bounce damped 
free vibration (natural) frequency.  Normally these are found by expensive 
laboratory testing where a representative axle assembly is installed on a test 
(or surrogate) vehicle.  This is mounted on a frame or hoisted.  The test 
“vehicle” is then subjected to calibrated jolts or vibrations with its dynamic 
axle-to-body bounce movement measured and analysed. 
The overall purpose of developing and applying evaluation &/or testing of 
RFS is to ensure that HVs thus equipped meet VSB 11 parameters when 
entering normal service. 
Vehicle Standards Bulletin No. 11 (VSB 11) (Australia Department of 
Transport and Regional Services, 2004a) specifies test input requirements and 
the resultant envelope of acceptable output requirements that a suspension 
must achieve in order to be classified as “road friendly”.  The output 
parameters are influenced by the attributes of the vehicle’s suspension 
dampers.  VSB 11 certification requirements may be applied to an axle singly 
or to axle groups.  The tests are, in brief (Davis & Bunker, 2007): 
 a pull down test where the chassis is pulled down by some means and 
then released; 
 a “pull-up-and-release” process where the chassis is raised up by 
80mm and released suddenly; and  
 a step-down test where the vehicle is driven over an 80mm step-down 
profile. 
The viscous damping (i.e. damping provided by the shock absorbers) needs to 
be more than 50% of all damping in the system to meet the VSB 11 
specification.  This requirement is usually determined by testing with and 
without shock absorbers.  The damping ratio for the test/s with shock 
absorbers is then compared to the damping ratio result for the test/s without 
shock absorbers; the former needs to be greater than 50% of the latter for the 
test/s to be passed satisfactorily. 
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The damping ratio and body-bounce frequency parameters are measured at full 
load in single (10 t), tandem (8.5 t) or tri-axle (7.5 t) configurations (Australia 
Department of Transport and Regional Services, 2004a). 
Testing in practice does not necessarily mean that axles are coupled in groups.  
Where the same single axle is tested, it may be that it is tested at least 3 times 
with axle loads corresponding to those it would encounter in those different 
single, tandem or tri configurations (Bisitecniks, 2007). 
Load sharing is a requirement of VSB 11.  Acceptable load sharing is defined 
as: 
 axles at full load; 
 all static axle loads being within 5% of one another as well as 
(somewhat confusingly); 
 all wheel loads within 5% of each other. 
An axle or axle group meeting all of the foregoing requirements may then be 
certified as “road friendly”.  A certificate is then issued for each different mass 
and axle configuration, e.g. single, tandem or tri, for that model of axle. 
 
1.1.7 “Road-friendly” suspensions – the search for in-service 
testing 
In Australia at present, there are no specific requirements for HVs operating at 
HML loads to have their RFS tested to VSB 11 once the HV is in service.  
This despite the original MLR project containing authoritative statements 
regarding the nexus between road network asset damage, damper health and 
friendliness of air suspensions (National Road Transport Commission, 1993; 
OECD, 1998). 
Gyenes et al., (1992) examined the issue of road damage, maintenance costs 
due to conventional steel suspensions vs. air suspensions and testing for “road-
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friendliness”.  That study proposed a number of methods for managing HV 
“road-friendliness” both in-service and when new.  Amongst these were: 
 blanket design approvals according to springing media; 
 parametric testing of body-bounce after either step-down, drop or 
frequency scan on a road simulator; 
 simulation testing; or 
 testing over artificial road profiles. 
Other prominent researchers noted similar issues and methods with type-
testing of new suspensions against a defined standard and recommended that 
these be backed by annual inspections incorporating in-service tests on all air-
suspended vehicles (Cebon, 1999). 
In-service testing was supported in theory by two further studies after the 
implementation of HML in Australia, those of Sweatman et al., (2000) and 
Starrs et al., (2000).  Sweatman et al., (2000) investigated in-service 
suspension testing techniques.  That report to the NRTC (as it was then) 
covered: 
 shock absorber testing machines and methods; 
 shock absorber characteristics; 
 shock absorber wear; 
 suspension performance; and 
 any concomitant degradation due to that wear. 
A lower acceptable bound of 15% (0.15) for damping ratio on operational HVs 
as determined from in-service testing was recommended.  Sweatman et al., 
(2000) also suggested an alternative method for maintaining RFS health: 
regular replacement of suspension dampers as part of the normal maintenance 
discipline in the transport operator’s workshop.  That report went on to note 
that governments (i.e. regulators and road authorities) were requiring the 
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development of low-cost in-service testing methods that were able to 
determine body-bounce frequency, damping ratio and load sharing. 
The frequency and damping ratio parameters defined in VSB 11 are 
determined for axle-to-body movement.  Accordingly, Sweatman et al., (2000) 
discussed the requirement for any in-service test to have instrumentation 
which measured these parameters and eliminated (or reduced to an acceptable 
level) any contribution that tyre dynamics made to body bounce.  Starrs (2000) 
took the outputs of the Sweatman et al., (2000) report and examined the 
economics of shock absorber replacement and the use of tests as defined by the 
final report of the DIVINE project (OECD, 1998).  The Starrs work also 
explored HV suspension evaluation and maintenance in a general manner.  
Neither report proposed a definitive way forward (Starrs Pty Ltd et al., 2000; 
Sweatman et al., 2000). 
At the time of the Starrs and Sweatman studies, the estimated savings on 
pavement rehabilitation in the case of all RFS operating correctly was $14M 
across the Australian HV network.  That quantum was not considered to be 
cost-effective within the context of total pavement rehabilitation costs and 
operational costs to test RFS HVs (Starrs Pty Ltd et al., 2000).  It is noted that 
one of the authors of the Sweatman et al., (2000) report had already 
recommended, at the international level, type-testing of RFS using parametric 
or other means combined with annual in-service testing.  That work detailed 
extensively the options for the associated test equipment needed for these 
measures in a regulatory framework (Cebon, 1999).  Others (Potter, Cebon, & 
Cole, 1997; Woodroofe, 1995) agreed.  Even earlier, the need to test new-
generation HVs for characteristics which contributed to their “road-
friendliness” was recognised as “probable” (Woodroofe et al., 1988). 
Despite these efforts and the case in favour of in-service testing there is still no 
requirement for in-service testing of HV RFS parameters and no concomitant 
in-service test recognised in Australia.  Such is the concern surrounding the 
issue of network asset damage from air-suspended HVs with deficient 
suspension dampers that two Australian States (Australia Department of 
Transport and Regional Services, 2005a, 2005b) have, in conjunction with the 
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Australian Government, included conditional clauses in their current Bilateral 
Infrastructure Funding Agreements (BIFAs).  National activity on in-service 
HV suspension testing in Australia lapsed from the time of the Starrs and 
Sweatman studies until NSW’s and Queensland’s BIFA negotiations in 2004 – 
2005. 
 
1.2 Objectives 
This report contributes to the joint Main Roads/QUT research project Heavy 
vehicle suspensions – testing and analysis. 
In addition to other activities outlined for the project (Davis & Bunker, 
2007) this report presents: 
 a reiteration of the background theory and development of HV 
suspension testing; 
 a summary of the testing procedures used to gather time-series signals 
of axle accelerations and air spring data when test HVs were subject to 
controlled perturbations; 
 indicative and typical results of fast Fourier transform (FFT) 
frequency-spectrum analysis as applied to the HV suspension data 
gathered; 
 exploration of theoretical models for HV suspensions using mechanical 
and electrical system analogies; and 
 proposals to align the empirical behaviour of the test HVs with 
mechanical and electrical system models. 
Other publications have covered some of the methodology and material 
herein (Davis, 2005b; Davis, Kel, & Sack, 2007; Davis & Sack, 2004, 2006) 
and some results from the tests described herein have been provided in other 
papers (Davis & Kel, 2007; Davis et al., 2007).  Being conference papers, 
these had, properly, space limitations.  With the constraints of space 
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somewhat relaxed because of the format herein, frequency spectrum analysis 
results from the quasi-static VSB 11-style testing and the results of a 
proposed alternative impulse test using HV traverses of a pipe are presented 
in this report.  This for representative and/or critical axles as tested on each 
test vehicle.  Note that the methodology for the quasi-static VSB 11-style 
testing has been documented previously (Davis & Bunker, 2008b). 
 
1.3 Scope 
VSB 11 (Australia Department of Transport and Regional Services, 2004a) 
defines certain parameters for HV suspensions which, if met, allow those 
suspensions to be certified as “road friendly”. 
The scope of this report is the analysis of the following data from the HVs 
during impulse testing with the test HVs at full load: 
 accelerations at the HVs’ hubs; 
 exploration of theoretical models for HV suspensions using mechanical 
and electrical system analogies; and 
 dynamic air spring forces as measured by air pressure transducers 
(APTs) in the air lines at the air springs. 
 
1.4 Rationale - The need for HV “road-friendly” 
suspension testing 
1.4.1 General 
“Road-friendly” HV suspensions are critically dependant on correct shock 
absorber function.  An in-service test for road friendliness would be an 
advantage to both the transport industry and road asset owners.  The former 
because worn shock absorbers could be replaced before vehicle and payload 
damage occurs; high-mileage but still serviceable shock absorbers need not 
HV suspension characterisation - impulse testing & analysis 
 
 
34 
 
be replaced (saving labour and equipment costs).  The latter because road 
and bridge asset rehabilitation costs would be reduced through less wear-and 
tear from HVs with nominally-“road-friendly” suspensions with out-of-
specification or deficient shock absorbers.  Development of such an in-
service test has been mandated in agreements between two Australian States 
and the Commonwealth (Australia Department of Transport and Regional 
Services, 2005a, 2005b). 
The anecdotal HV transport industry view of worn shock absorbers and the 
attendant issue of air suspension health is that the resultant tyre wear is 
detected quickly.  This state of disrepair is (apparently) detected visually and 
rectified to prevent further, increased, tyre wear and the associated costs of 
premature tyre replacement.  Despite this view, the Marulan survey 
(Blanksby et al., 2006) showed that more than half the HVs in a statistically 
significant sample from Hume Highway HV traffic did not meet at least one 
VSB 11 suspension parameter.  This was confirmed in part by Sweatman et 
al., (2000) who found that: 
 quantitative evaluation of shock absorbers did not usually take place in 
most fleets; and 
 the trigger for replacement of shock absorbers was visible leakage or 
lack of heat after a trip. 
Further anecdotal measures from the transport industry such as taking the 
temperature of shock absorbers using infra-red detectors or touching them to 
differentiate between hot, (i.e. working) ones and cold ones, whilst 
superficially attractive, can be ruled out as indeterminate since the Marulan 
survey (Blanksby et al., 2006) showed that there was no correlation between 
temperature and heat of operation on good roads.  Similar results have been 
noted in other work (Blanksby et al., 2006; Davis, 2005a). 
From this empirical evidence, it may be inferred that the industry indicators 
of using tyre wear, leakage or temperature to detect out-of-specification or 
deficient shock absorbers is too late in the maintenance cycle to be effective 
at meeting the Australian requirements for “road-friendly” HV suspensions.  
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Compounding this issue is the fact that there are no recognised low-cost in-
service HV suspension tests in Australia.  This has been discussed previously 
(Starrs et al., 2000, Sweatman et al., 2000) without decisive action by 
regulators until recently.  That action is now occurring on this issue is due to 
the Bilateral Infrastructure Funding Agreements (BIFAs) between two 
Australian States and the Commonwealth (Australia Department of 
Transport and Regional Services, 2005a, 2005b). 
 
1.4.2 “Road-friendly” suspensions – the case for in-service testing 
Within the framework described above and its indeterminacy with respect to 
RFS health, regulators and road authorities have not been able to be certain 
that air-sprung heavy vehicles (HVs) with RFS are having their “road 
friendliness” maintained as the suspension dampers wear from normal 
service.  Hence a scenario of non-standard MCVs with more than statutory 
mass (at or higher than HML loadings) on axles or axle groups with worn 
suspension dampers is probable.  Of course, if transport operators were 
maintaining their vehicles to specification and regulation then there would be 
no need for concern on the part of road authorities and transport regulators.  
However, recent work in NSW has indicated (Blanksby et al., 2006) that 
54% of HVs in a statistically valid survey did not meet at least one of the 
requirements of VSB 11.  The possible scenario of non-standard MCVs with 
more than statutory mass (at or higher than HML loadings) on axles or axle 
groups with worn or out-of-specification suspension dampers has now 
become a better than even-money probability.  This is of concern to 
Australian road authorities and transport regulators. 
Costanzi & Cebon (2005) modelled pavement rehabilitation costs for fleets 
of HVs with varying levels of ineffective dampers.  One scenario was for a 
HV fleet where 50% of that fleet had “poorly-maintained” dampers.  That 
report concluded that, at Higher Mass Limits loadings, pavement and 
surfacing damage would be 20 - 30% greater than for a comparable freight 
task with a fleet equipped with dampers in good condition.  The Costanzi & 
Cebon study was for HVs on the Newell Highway.  The Newell has 
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considerably thicker pavements than those found in Queensland (Queensland 
Department of Main Roads, 2007b).  If the figure of 50% poorly maintained 
suspensions, as modelled by Costanzi et al. (2005), is equated to the actual 
HV damper status found at Marulan, then a HV fleet with 100% functional 
shock absorbers would save Queensland Main Roads’ maintenance budget in 
excess of $59M/annum in 2007 dollars (Queensland Department of Main 
Roads, 2007a).  This saving would then be going forward every year.  
Further, this is without considering the comparative fragility of the 
Queensland network to higher axle loadings (compared with the Newell’s 
>200mm thick pavements).  Savings such as these are essentially “free 
money” to government since HV suspensions should be maintained as a 
matter of course.  This result also indicates that the previously estimated 
benefit to pavement rehabilitation costs of $14M/annum (Starrs Pty Ltd et 
al., 2000) was low, even allowing for cost escalation and inflation with the 
effluxion of time.  Further, the consideration of well-maintained dampers 
does not include the road safety, Local Government road network asset costs 
or workplace health and safety aspects of more than 50% of the Australian 
HV fleet operating with sub-optimal shock absorbers. 
 
1.5 Organisation of this report 
The body of this report for the project Heavy vehicle suspensions – testing 
and analysis is organised as follows: 
Section 1, “Introduction” outlines a general summary of the issues 
surrounding the “road-friendliness” parameters and requirements for air-
sprung HV suspensions and sets out the scope and rationale for this report; 
Section 2, “Experimental procedure” documents the methodology used to 
gather HV suspension data contributing to some of the project outcomes, 
particularly the two test cases: 
 VSB 11-style step down testing as an impulse test; vs.; 
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 driving the HV over a pipe to provide a perturbation 
as excitation into the HV suspensions used; 
Section 3, “Equipment and instrumentation” specifies the instrumentation 
used for gathering the experimental data and includes a rationale for some of 
the details of the test programme; 
Section 4, “Analysis” provides the derivation of the important suspension 
characteristics from the data.  It also introduces the Appendices showing the 
results of the FFT plots for the dynamic forces at the air springs and at the 
accelerometers for the two test methodologies; 
Section 5, “Models of the suspensions” develops computer models of the 3 
HV suspensions.  This by starting with a simple generic systems model using 
2nd-order systems theory and Newtonian physics.  Parameters for the three 
HV suspension models are then built up from the empirical data from the 
tests.  Validation of the models is undertaken with empirical data as test 
inputs, validating the model outputs against empirical output data; 
Section 6, “Discussion” explores the issues that have been clarified by the 
work and sets out the weaknesses and strengths of the results; and 
Section 7, “Conclusion” outlines where the research has found differences in 
the two test methodologies.  Proposals for further avenues of endeavour, 
both for the project Heavy vehicle suspensions – testing and analysis and 
further post-graduate research that may prove useful are provided; a general 
summary with conclusions drawn from the results and analysis sections as 
well as outlining areas of future research effort and analysis to finalise this 
document. 
 
1.6 Summary of this section 
This section has outlined the historical context for introduction of “road-
friendly” HV suspensions in Australia.  When compared with conventional 
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steel suspensions of the day, the lower spring constants and higher damping 
ratios of air suspensions contributed to a view that air suspensions were less 
damaging to the network asset.  Around the time that air suspensions were 
being implemented in Europe, Australian regulators and road authorities 
were considering mass concessions; these were granted in return for air-
suspended suspensions installed on HVs (de Pont, 1992). 
One of the major outcomes of the MLR project (National Road Transport 
Commission, 1993) was that air-sprung HVs with RFS (i.e. within the 
parametric limits proposed and with functional dampers) should be allowed 
to operate at higher masses (HML) if they did not damage the roads any 
more than conventional steel suspensions at statutory masses.  That this 
outcome was heavily dependant on the correct operation of shock absorbers 
was emphasised but no in-service testing regime was implemented at the 
time, even though it was recommended by Australian and international HV 
researchers. 
VSB 11 specifies the characteristics of correct operation for “road-friendly” 
HV suspensions in Australia.  It does this in terms of damping ratio (ζ) and 
damped free vibration frequency (f).  The derivation of these parameters in 
terms of systems theory for second-order systems has been outlined. 
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2 Experimental procedure 
2.1 Vehicles 
 
The experimental procedure has been documented extensively elsewhere 
(Davis & Bunker, 2008b).  Even so, the following section provides a 
summary of the procedure and instrumentation used to gather the data 
presented and analysed later in this report.  For the purposes of this report, 
only the instrumentation and procedures used to gather this data are 
summarised here. 
A tri-axle semi-trailer coupled to a prime mover (Figure 3), an interstate 
coach with 3 axles (Figure 4) and a school bus with 2 axles (Figure 5) were 
the test vehicles. 
 
Figure 3.  Prime mover (top) used to tow the test semi-trailer (bottom). 
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Figure 4.  3-axle coach used for testing. 
 
All test vehicles had standard manufacturers’ suspensions with new shock 
absorbers fitted.  This latter point to ensure that the body-bounce frequency 
was restored to manufacturer’s specification.  The prime mover’s suspension 
was not instrumented for the testing. 
 
 
Figure 5.  2-axle school bus used for testing. 
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2.2 Equipment and instrumentation 
The tri-axle group of the semi-trailer, the drive and tag axle of the coach and 
the drive axle of the school bus were instrumented.  This consisted of 
accelerometers and air pressure transducers (APTs). 
Accelerometers (one per hub, up to a maximum of six for the tri-axle trailer), 
were mounted at each hub of the test vehicles’ axles.  This was to measure 
vertical acceleration of the axle of interest at its hubs.  Gluing, bolting or 
welding mounting brackets to the axles was used to attach the 
accelerometers as shown in Figure 6 to Figure 9.  Figure 7 & Figure 9 show 
accelerometer mounting brackets (yellow) glued to the drive axle of the 
coach and the bus, respectively. 
 
Figure 6.  Accelerometer mounting for coach tag axle. 
 
HV suspension characterisation - impulse testing & analysis 
 
 
42 
 
 
Figure 7.  Accelerometer mounting bracket (yellow) glued to the drive axle on the 
coach.  
 
Figure 8.  Accelerometer mounted on top of semi-trailer axle. 
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Figure 9.  Accelerometer mounted on top of school bus axle. 
 
Air pressure transducers (APTs) were mounted in the lines supplying air to 
the air springs as shown (orange arrow) in Figure 10.  They measured air 
pressure in each air spring of interest and therefore the static and dynamic 
force between the spring and the chassis at that axle-end. 
Daily checks on the quiescent outputs of the instruments showed slight 
variations due to vehicle supply voltage fluctuations.  The steady-state values 
were noted and the relevant calculations adjusted accordingly. 
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An advanced version of the TRAMANCO P/L on-board CHEK-WAY® 
telemetry system was used to measure and record the dynamic signals from 
the outputs of the APTs and accelerometers.  The CHEK-WAY® system is 
subject to Australian Patent number 200426997 and numerous international 
application numbers and patents, which vary by country.  The low pass filter 
cut-off frequency of the telemetry system was set well above the frequencies 
of the signals in the range of interest (i.e. above 100 Hz).  The telemetry 
system sampling rate was 1 kHz.  Consequently, the recording and 
measurement instrumentation parametric limitations were well clear of any 
frequencies of interest.  Further, any aliasing1 would have occurred for 
frequencies above 500Hz: frequencies that generally do not occur in HV 
suspensions and, were they present, were removed by the 100 Hz low-pass 
filtering. 
 
 
Figure 10.  Air pressure transducer (arrowed). 
 
 
                                                     
1
 the tendency to fold signals with frequencies above half the sampling frequency back into 
the frequency range being measured (Davis & Bunker, 2007). 
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2.3 Sampling frequency 
The telemetry system sampling rate was 1 kHz giving a sample interval of 
1.0 ms.  Note that the natural frequency of a typical heavy vehicle axle is 10 
- 15 Hz (Cebon, 1999) compared with a relatively low 2 - 3 Hz for sprung 
mass frequency (de Pont, 1999).  Any attempt to measure relatively higher 
frequencies (such as axle-hop) using time-based recording would necessarily 
involve a greater sampling rate than when relatively lower frequencies (such 
as the body-bounce frequency) need to be determined (Houpis & Lamont, 
1985).  Since axle-hop was the highest frequency of interest for the analysis 
undertaken, the sampling frequency used by the telemetry system was more 
than adequate to capture the test signal data.  This because its signal sample 
rate was much greater than twice any axle-hop frequency (e.g. 1 kHz sample 
rate vs. 15Hz axle hop).  In theory, a sampling rate of 30Hz would have 
sufficed; industry practice would have suggested approximately 100Hz, but a 
telemetry system with 1 kHz capability was available for the tests so was 
used.  Accordingly, and to check the validity of the choice of sampling 
frequency, the Nyquist sampling criterion (Shannon’s theorem) was met 
(Houpis & Lamont, 1985) with the issue of aliasing covered in Section 2.2. 
 
2.4 Procedural detail 
2.4.1 Quasi-static VSB 11-style testing 
The test vehicles were loaded to maximum legal loads and driven off an 
80mm step to replicate the VSB 11 step test (Australia Department of 
Transport and Regional Services, 2004a).  For these VSB 11-style step tests 
all wheels were rolled off a set of blocks simultaneously (Peters, 2003).  This 
procedure was repeated at least twice for each vehicle.  The signals from the 
air pressure transducers on each air spring (Figure 10) and the accelerometers 
in Figure 6 to Figure 9 were recorded using the on-board telemetry system 
during this test procedure.  Figure 11 to Figure 13 shows the detail of these 
tests for the coach, for example.  Chains (top left, Figure 11) attached to the 
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chassis were used to drag the blocks once the wheels had moved off them so 
that the wheels were not fouled as they rolled subsequent to the step-down 
action. 
 
Figure 11.  Before: showing preparation for the step test on the coach. 
 
 
 
Figure 12.  During: the rear axle group of the coach ready for the step test. 
 
 
Figure 13.  After: the step test that was set up in Figure 12. 
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2.4.2 Impulse testing 
Each axle tested was driven at least twice over a 50mm nominal diameter 
heavy wall pipe.  The pipe had bars welded to it as shown in Figure 14 to 
prevent rotation as the tyres moved over it (Figure 15).  The speed requested 
from the driver for this exercise was, as well as the driver could manage, at 
or just above 5km/h.  The resulting pulse up into the axle and air spring was 
intended to provide an approximation for an impulse function into the 
suspension of the axle of interest on each test vehicle.  Since the 
speedometers of the test vehicles did not register at speeds below 5km/h, 
actual speeds for these tests were measured from elapsed time between two 
marks 10m apart on the test vehicles’ paths using an elapsed time stopwatch.  
Actual speeds ranged between 4.9km/h and 9.6km/h. 
 
 
Figure 14.  Test masses on the semi-trailer and the pipe for the impulse test in the 
foreground, bottom left. 
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Figure 15.  Close-up view of wheel rolling over the pipe during impulse testing. 
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3 Results 
3.1 General 
This section illustrates examples of time-series signals of the two different 
forcing function excitation inputs, viz: 
 the VSB 11-style step test vs. the pipe test; 
as measured at the accelerometers and the air spring pressures.  Examples of 
the resultant responses to these impulse functions at the axle of interest are 
shown as output signals measured at the air springs of those axles.  These are 
presented here as results with some preliminary comments.  Further analysis 
has been undertaken; it is presented in Section 4 and discussed in Section 6. 
FFT processing of the accelerometer and APT signals was undertaken using 
the FFT function in MATLAB®.  The raw data were not filtered before FFT 
processing.  This allowed all frequencies present to be detected, processed 
from the time domain into the frequency domain and shown in the resultant 
FFT plots.  Due to their volume, the FFT plots of the accelerometer and APT 
signals have been included as Appendices 2 & 3.  These show examples of 
the FFT plots of the LHS and the RHS accelerometer (input) signal and APT 
(output) signal from each axle of interest recorded during the impulse testing 
outlined in the previous section. 
As mentioned in Section 2.2, the quiescent outputs of the instruments 
showed slight variations due to vehicle supply voltage fluctuations.  This 
phenomenon, coupled with other natural variation in the systems manifest as 
manufacturing tolerances, unevenness of wear in the suspension springs, 
bushings and other components resulted in differing values for APT and 
accelerometer readings when comparing the amplitudes of the signals from 
the left or the right sides of the test vehicles.  For the analysis herein and 
performed in other work (Davis, 2007; Davis & Bunker, 2008a, 2008b; 
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Davis & Kel, 2007), the steady-state values were noted and the relevant 
calculations adjusted accordingly.  These variations were not of great 
concern.  Only the ratios of the signal excursions were important for 
determining damping ratio and zero-crossing periods for the frequency from 
the time domain.  Hence left-right variations were either averaged out or the 
values from one side chosen (as an example, since the thrust here is “proof-
of-concept”) as typical. 
The figures in this section include the accelerometer data and the APT data 
for the axles of interest.  Since there were two accelerometers and two APTs 
per axle of interest, left and right hand side data are presented graphically in 
the one graph per axle per instrumentation type as: 
 blue trace: LHS; and 
 red trace: RHS. 
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3.2 Air spring data 
The outputs of the APTs during the step test and the pipe test were recorded 
for each test vehicle.  The signal magnitudes were proportional to the 
dynamic chassis-to-axle (body-bounce) forces within an experimental error 
previously determined at less than 1% (Davis, 2006c).  The two rear axles of 
the semi-trailer produced similar APT waveforms to that illustrated below for 
the front semi-trailer axle.  Signals have been shown over 3- or 4-second 
intervals with extraneous data on either side of the event as recorded 
removed from the traces to amplify the event and excise unwanted or 
superfluous information.  The lengths of signal periods shown in the plots 
have been chosen to best illustrate the signal characteristics.  Since the start 
of the recording of the data and the actual events could not be exactly 
synchronised from one test to another, the start times and the elapsed times 
varied between tests by up to 3 seconds.  Hence the various impulse events 
were not always evident in the traces at the same time for each time-series.  
Again, this has been compensated for by choosing the most appropriate time 
series window for the traces. 
 
3.2.1 Bus 
Figure 16 shows an example of a time series recorded from the bus drive 
axle APT signals during a VSB 11-style step test.  Figure 17 shows an 
example of the same APT signals for a test where the HV was driven over 
the pipe as described above, which we will denote the “pipe test” from here 
on.  In system analysis terms, the two time-series in Figure 16 and Figure 17 
may be seen to be classical second-order impulse responses (Meriam & 
Kraige, 1993; Thomson & Dahleh, 1998). 
The signals in Figure 16 and Figure 17 were typical where the speed of the 
run over the pipe was approximately at or below 5 km/h, allowing the 
suspension to recover before the next axle encountered the pipe and resultant 
impulse. 
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Bus drive axle APT signal - VSB 11-style step test           
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Figure 16.  Time series of bus axle APT signals during impulse testing using VSB 11-
style step test. 
 
 
Bus drive axle APT signal - pipe test           
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Figure 17.  Time series of bus axle APT signals using pipe test as an impulse. 
 
HV suspension characterisation - impulse testing & analysis 
 
 
53 
 
3.2.2 Coach 
Figure 18 and Figure 19 show examples of a time series recorded from the 
coach tag (rear) axle APT signals during a VSB 11-style step test and a pipe 
test respectively.  Figure 20 and Figure 21 show the same tests results, 
respectively, from the coach drive axle APT signals. 
The pipe tests of the coach were conducted at the upper end of the speed 
scale as described in Section 2.4.2.  The higher speeds resulted in non-
classical responses that could not be analysed for damping as they did not 
decay exponentially as would be expected for a second-order system.  It is 
expected that interference from the drive axle air springs transferring force 
via the chassis to the tag axle as well as axle-hop and tyre-hop phenomena 
(Gillespie et al., 1993; Popov, Cole, Cebon, & Winkler, 1999) affected the 
air spring signals at the higher speeds. 
 
 
Coach tag axle APT signal - VSB 11-style step test           
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Figure 18.  Time series of coach tag axle APT signals during impulse testing using VSB 
11-style step test. 
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Coach tag axle APT signal - pipe test           
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Figure 19.  Time series of coach tag axle APT signals using pipe test as an impulse. 
 
Coach drive axle APT signal - VSB 11-style step test           
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Figure 20.  Time series of coach drive axle APT signals during impulse testing using 
VSB 11-style step test. 
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Coach drive axle APT signal - pipe test           
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Figure 21.  Time series of coach drive axle APT signals using pipe test as an impulse. 
 
 
3.2.3 Semi-trailer 
Figure 22 and Figure 23 show examples of a time series recorded from the 
semi-trailer’s rear axle APT signals during a VSB 11-style step test and a 
pipe test respectively.  The pipe test that provided the trace shown in Figure 
23 was one of the higher-speed runs.  Similar to the case for the high-speed 
tests on the coach, interference from the front axle air springs transferring 
force via the chassis to the next axle as well as axle-hop and tyre-hop 
phenomena (Gillespie et al., 1993; Popov et al., 1999) affected these signals, 
resulting in non-classical behaviour.  Another contributor to this result may 
have been the chassis bottoming-out during vigorous excitation (Woodroofe, 
1995).  This is examined in Discussion. 
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Semi-trailer front axle APT signal - VSB 11- style drop test           
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Figure 22.  Time series of front semi-trailer axle APT signals during impulse testing 
using VSB 11-style step test. 
 
Semi-trailer front axle APT signal - pipe test           
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Figure 23.  Time series of front semi-trailer axle APT signals using pipe test as an 
impulse. 
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As mentioned in Section 2.2 and above in this section, the quiescent outputs 
of the instruments showed slight day-to-day variations due to vehicle supply 
voltage fluctuations.  It is for noting only that the differences between 
signals when comparing side-to-side readings were smaller for the semi-
trailer than for the bus or the coach.  This effect was likely coupled with 
other natural variations such as manufacturing tolerances, unevenness of 
wear in the suspension springs, bushings and other components resulted in 
differing values for APT readings.  As stated before, the analysis herein and 
performed in other work (Davis, 2007; Davis & Bunker, 2008a, 2008b; 
Davis & Kel, 2007) compensated for this effect by noting daily steady-state 
values with the relevant calculations adjusted accordingly.  For the work in 
this report, such variations were not of great concern since only the ratios of 
the signal excursions were important for determining damping ratio; zero-
crossing periods for the frequency from the time domain were unaffected by 
such drift in readings. 
 
3.3 Accelerometer data 
The acceleration of the axles of interest was recorded from the outputs of 
accelerometers mounted at the respective hubs.  This for the VSB 11-style 
step tests and the pipe tests.  Figure 24 shows an example of a time series 
recorded from the bus drive axle accelerometer signals during a VSB 11-style 
step test; Figure 25 shows an example of the same accelerometer signals for 
the pipe test.  Likewise, Figure 30 and Figure 31 show examples of 
accelerometer signals for the two test methods recorded from the front axle 
of the semi-trailer.  The tag axle on the coach had a similar accelerometer 
waveform to its drive axle; similarly, the two rear axles of the semi-trailer 
produced accelerometer waveforms to that of the front semi-trailer axle. 
Similarly to the APT data, signals have been shown over 3-second intervals 
and their lengths have been chosen to best illustrate the signal features.  
Noting that the start of the recording of the data and the actual events could 
not be exactly synchronised from one test to another, the start times and the 
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subsequent elapsed times to finish varied between tests by up to 3 seconds for 
the 10 second window of data recording.  Hence the various impulse events 
were not always evident in the traces at the same time in each time-series.  
Again, this has been compensated for by choosing the most appropriate time 
series window for the traces. 
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Figure 24.  Time series of bus axle accelerometer signals during impulse testing using 
VSB 11-style step test. 
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Bus drive axle accelerometer signal - pipe test           
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Figure 25.  Time series of bus axle accelerometer signals using pipe test as an impulse. 
 
 
Coach tag axle accelerometer signal - VSB 11-style step test           
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Figure 26.  Time series of coach tag axle accelerometer signals for impulse testing 
using VSB 11-style step. 
 
HV suspension characterisation - impulse testing & analysis 
 
 
60 
 
Coach tag axle axle accelerometer signal - pipe test           
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Figure 27.  Time series of coach tag axle accelerometer signals using pipe test as an 
impulse. 
 
 
Coach drive axle accelerometer signal - VSB 11- style drop test           
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Figure 28.  Time series of coach drive axle accelerometer signals during impulse testing 
using VSB 11-style step test. 
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Coach drive axle accelerometer signal - pipe test           
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Figure 29.  Time series of coach drive axle accelerometer signals using pipe test as an 
impulse. 
 
 
 
Semi-trailer front axle accelerometer signal - VSB 11-style step test           
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Figure 30.  Time series of semi-trailer front axle accelerometer signals during impulse 
testing using VSB 11-style step test. 
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Semi-trailer front axle accelerometer signal - pipe test           
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Figure 31.  Time series of semi-trailer front axle accelerometer signals using pipe test 
as an impulse. 
 
3.4 Summary of this section 
In this section, examples of input and output signals recorded from the 
instrumentation mounted on the axles and air springs of interest have been 
detailed.  Some preliminary thoughts have been set down on the differences 
between the outcomes due to tyre and other phenomena during the higher-
speed runs of the pipe tests for the coach and the trailer.   
The signals will be referred to later with respect to system characterisation 
methods, particularly the length of time over which the signals exerted their 
influence on the systems under test. 
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4 Analysis 
4.1 General 
The following section provides analysis of the data shown in the previous 
section.  In particular, damping ratios that were derived from empirical data 
measured during the VSB 11-style step tests and the pipe tests.  Similarly, the 
damped natural frequency of the drive axle of the bus and the coach and that 
of the front semi-trailer axle was derived from the data.  These results are 
then compared within and between test methods in this section. 
Further, the damping ratios and damped natural frequencies derived during 
the VSB 11-style step tests and documented in this section are used later in 
this report for generating computer models of the test HVs’ suspensions. 
The damped natural frequency may be seen as a peak in the magnitude (y-
axis) of the air-spring signal FFTs shown in Appendix 2; these are provided 
for information.  This section sets out the detail and results of an alternate, 
simpler method but just as effective as a FFT.  This alternative method 
measures the time (period) between successive points on the waveform (e.g. 
successive peaks or successive zero-crossings) and takes the inverse of that 
period to find the frequency.  Figure 1 shows this time as Td. 
From first principles: 
dT
f 1= ; 
Equation 7 
hence inverting Td provides, for the cases following, the damped natural 
frequency.  It is for noting that the SI derived unit for frequency or vibration 
is Hertz (Hz) of which the derivation is s-1. 
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4.2 Air spring data 
4.2.1 Bus damping ratio 
Figure 16 provides a very good example of a classical model of an expected 
output response of an underdamped second-order system to an impulse 
function.  Regarding Figure 16 and using the variables shown in Figure 1: 
 it was fairly straightforward to derive the ζ for the single 
drive axle on the bus (Meriam & Kraige, 1993; Thomson & 
Dahleh, 1998);  
 this is shown below; and 
 it is not hard to see that the pipe test at low speed produced an 
output that replicated the classical model of response of an 
underdamped second-order system. 
To derive ζ for the bus we can use the values for the variables A1 and A2 (as 
shown in Figure 1) from Figure 16 and Figure 17 and substitute them into 
Equation 14 from Appendix 4.  These are shown in Table 1. 
A comparison between the derived LHS and RHS values for ζ  then may be 
made for: 
 the two types of impulse forcing function; and 
 ζ  using full cycle values for the variables A1 and A2. 
Note that the bus manufacturer was unable to supply type-tested ζ values for 
these axles (Mack-Volvo, 2007b). 
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Variable LHS RHS 
 
VSB 11-style 
step test 
Pipe test 
VSB 11-style 
step test 
Pipe test 
Quiescent 
signal value 
1812 1824 1777 1774 
A1 180 78 178 75 
A2 34 16 34 16 
ζ  [from 
Equation 6 
where 






=
2
1ln
A
Aδ ] 
0.2564 0.2342 0.2548 0.2388 
Table 1.  Comparison between damping ratios for the two types of impulse testing on 
the bus 
 
Experimental error, including contributions from mechanical and 
manufacturing tolerances as mentioned in the previous section, was manifest 
as differences between the values of ζ for each excitation impulse method.  
Averaging each side for like test methods in Table 2: 
 
Variable 
VSB 11-
style step 
test 
Pipe test 
ζ  averaged across 
LHS and RHS 
0.2556 0.2365 
Table 2.  Comparison between L/R averaged damping ratios for the two types of 
impulse testing on the bus 
 
Now comparing for the two different impulses as forcing functions, we note 
that: 
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 the ζ results derived from the responses measured from the APTs on 
the bus axle were similar; 
 averaging the result within each method and comparing these resulted 
in a difference of -0.0191 across the two methods (an error of 
approximately -7.4%); 
 the differences within the VSB 11-style step were 0.0016 (a variation 
of approximately 0.6%) in 0.24; and 
 the differences within the pipe test were 0.0046 (or 1.96 %) in 0.25. 
Hence, experimental error in ζ results for the two methods for the bus was 
small.  Even so, this will need to be addressed and this is further explored in 
Section 6. 
 
4.2.2 Coach damping ratio 
Similar to the bus, the coach drive axle was analysed for damped natural 
frequency, f, and ζ.  As outlined in Section 2, when the pipe tests were 
applied to the coach the speed could not always be moderated to the point 
where the classical second-order response could be elicited from the axles.  
This was due to the speedometer not registering below 5 km/h and the driver 
not being able, therefore, to keep the speed around 5 km/h after initial 
acceleration.  This resulted in signals such as those shown in Figure 19 and 
Figure 21.  The non-classical responses shown in those figures for the air 
springs was likely due to the suddenness of impact of the tyres to the pipe 
exciting the tyres into non-linear vibrations and these reflecting into the air 
spring of interest through the axle.  Such results were not readily analysable 
as classical second-order system responses for ζ.  Even so, using Equation 
14 and Equation 16 and their associated variables (as illustrated in Figure 1), 
LHS and RHS ζ  values for the coach drive axle were able to be derived 
from the VSB 11-syle step testing using signal excursions shown in Figure 
20 over the full cycle and resultant values A1, A2. 
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These results are shown in Table 3. 
 
Variable LHS RHS 
 
VSB 11-
style step 
test 
Pipe test 
VSB 11-
style step 
test 
Pipe test 
Quiescent signal value 18.38 n/a -16.74 n/a 
A1 138.95 n/a 170.74 n/a 
A2 11.39 n/a 16.84 n/a 
ζ  [from Equation 6 
where 





=
2
1ln
A
Aδ ] 0.37 n/a 0.35 n/a 
Table 3.  Comparison between damping ratios for the two types of impulse testing – 
drive axle of coach from Figure 19 and Figure 21. 
 
Now comparing the results for each side APT damping ratios, we note that 
the ζ results derived from the responses measured from the APTs on the 
coach drive axle averaged 0.36 +/- 0.01 or 5.7% between sides.  This 
variation was not of concern since it was expected that individual axle ζ  
values would show a discrepancy due to natural variation in the 
manufacturing process, uneven left/right wear and tear on components, etc. 
Similar to the absence of certified ζ data for the bus, the coach manufacturer 
was unable to supply type-tested ζ values for the coach drive axle (Mack-
Volvo, 2007b). 
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The tag axle APT waveforms and the drive axle APT waveforms for the step 
test (compared in Figure 32) were not sufficiently different to warrant 
separate analysis of the tag axle.  Their similarity is dealt with in Section 6.  
The maximum static drive axle wheel forces were 2/3 greater than the tag 
axle wheel forces (Davis & Bunker, 2008b).  The dynamic wheel forces for 
vehicles in this test programme have been derived previously (Davis, 2007, 
2008a).  Figure 35 shows the differences in dynamic wheel forces between 
the tag and drive axle of the coach.  Accordingly, the damage from the drive 
axle has the potential to be greater than that from the tag axle by at least 1/3 
in the case of static forces and much greater in the dynamic case; the 4th 
power law being applicable (Potter et al., 1997).  For that reason, the drive 
axle of the coach, being the more critical of the two coach rear axles was 
chosen to be analysed for this report. 
 
Coach tag and drive axle APT signals - VSB 11-style step test           
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Figure 32.  Showing the coach drive axle APT signals and the coach tag axle APT 
signals for a VSB 11-style step test. 
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4.2.3 Semi-trailer damping ratio 
Previous work used the pipe test applied to semi-trailer axles to derive their 
damped natural frequency (f) and ζ (Davis et al., 2007; Davis & Sack, 2004).  
The outputs of the semi-trailer axles in the previous work were of the same 
form as those from the drive axle of the bus shown in Figure 17 and were 
readily analysable for ζ.  However, as mentioned for the coach APT analysis 
above, the speed of the pipe tests applied to the semi-trailer described in 
Section 2 could not always be moderated to the point where the classical 
response could be elicited from the axles.  This resulted in signals similar to 
those shown in Figure 23.  This wave shape was typical for the middle and 
rear axle of the semi-trailer as well.  It was expected that this effect be due to 
impulses from the pipe exciting the tyres into non-linear behaviour with 
storage of energy on the bump ½-cycle and subsequent vigorous release of 
that energy on the rebound.  The attendant forces transmitted via the chassis 
to other air springs in the group was then reflected resulting in similar 
chaotic APT signals as for the coach during its pipe tests.  Such results could 
not be seen readily as classical second-order system responses to impulses.  
They were fairly disordered.  Note that due to the speed of the HV, the 
resultant vigorous excitation of the other axles and the braking required on 
site, there was no point at which the signals returned to their quiescent state 
before recording ceased (Figure 23).  Nonetheless, using Equation 14 and 
Equation 16 and their associated variables (as illustrated in Figure 1), LHS 
and RHS ζ  values were able to be derived from the step test APT output 
signal in Figure 22 using signal excursions over the full cycle and resultant 
values A1, A2. 
These results are shown in Table 4. 
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Variable LHS RHS 
 
VSB 11-
style step 
test 
Pipe test 
VSB 11-
style step 
test 
Pipe test 
Quiescent signal value 1509 n/a 1471 n/a 
A1 185 n/a 191 n/a 
A2 33 n/a 43 n/a 
ζ  [from Equation 6 
where 





=
2
1ln
A
Aδ ] 0.2481 n/a 0.2275 n/a 
Table 4.  Comparison between damping ratios for the two types of impulse testing – 
front axle of the semi-trailer from Figure 22. 
 
Now comparing the results for each side APT damping ratios, we note that: 
 the ζ results derived from the responses measured from the APTs on 
the semi-trailer axle are similar; and 
 the variation in ζ results between sides of the semi-trailer was 0.0206 
(or a left-right variation of approximately 8.7%) in an averaged value 
of 0.238. 
Note that the manufacturer’s quoted VSB 11 type-tested ζ for these semi-
trailer axles (Colrain, 2007) using a “pull-up-and-drop” method was 0.2501.  
Further, individual axle ζ  values will alter with natural variation in the 
manufacturing process as well as other factors mentioned above such as 
mechanical wear and tear. 
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4.2.4 Bus damped natural frequency 
The damped natural frequency may be seen as a peak in the magnitude (y-
axis) of the air-spring signal FFTs shown in Appendix 2.  Using the 1−dT  
method discussed at the start of this section, a 5Hz filter was applied to the 
signals in Figure 16 and Figure 17 to smooth the waveform and thereby read 
Td off the plots.  The resultant values for damped natural frequency are 
shown in Table 5. 
 
Variable LHS RHS 
 
VSB 11-style 
step test 
Pipe test 
VSB 11-style 
step test 
Pipe test 
Damped 
natural 
frequency f  
(Hz) 
1.07 1.17 1.05 1.17 
Table 5.  Comparison between derived damped natural frequencies for the two types 
of impulse testing: bus. 
 
Averaging each side for like test methods in Table 2: 
Variable 
VSB 11-
style step 
test 
Pipe test 
f  averaged across LHS 
and RHS 
1.06 1.17 
Table 6.  Comparison between L/R averaged damped natural frequencies for the two 
types of impulse testing on the bus. 
 
Now comparing for the two different impulses as forcing functions, we note 
that the f derived for the drive axle of the bus from the two test methods had 
a difference of 10.4%.  This was the error between the VSB 11-style step test 
as the reference method and the pipe test.  This result was consistent with the 
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order-of-magnitude of differences between methods in previous results 
(Davis et al., 2007; Davis & Sack, 2004, 2006). 
 
4.2.5 Coach damped natural frequency 
The same method applied to the bus drive axle was applied to the coach drive 
axle.  Whilst the ζ  was not able to be derived from the coach pipe test data 
traces, Td was readily discernable from both the pipe and the VSB 11-style 
step test data in Figure 20 and Figure 21.  The required frequency then was 
able to be determined from successive peaks in the signals.  The resultant 
values for damped natural frequency are shown in Table 7.  As mentioned for 
the derivation of ζ for the coach, detailed examination of the tag axle APT 
outputs showed that they differed little from the drive axle outputs (Figure 
32) so the derived f from that axle is not dealt with separately here. 
 
Variable LHS RHS 
 
VSB 11-style 
step test 
Pipe test 
VSB 11-style 
step test 
Pipe test 
Damped 
natural 
frequency f  
(Hz) 
1.14 1.13 1.10 1.17 
Table 7.  Comparison between derived damped natural frequencies for the two types 
of impulse testing: coach. 
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Averaging each side for like test methods in Table 7: 
Variable 
VSB 11-
style step 
test 
Pipe test 
f  averaged across LHS 
and RHS 
1.12 1.15 
Table 8.  Comparison between L/R averaged damped natural frequencies for the two 
types of impulse testing on the coach. 
 
Now comparing for the two different impulses as forcing functions, we note 
that the f derived for the coach drive axle using the two test methods had a 
difference of 2.7% between the averaged values used to eliminate side-to-
side variation.  Again, this was consistent with differences reported 
previously (Davis et al., 2007; Davis & Sack, 2004, 2006) 
 
4.2.6 Trailer damped natural frequency 
As for the bus and coach, the same method was applied to the front semi-
trailer axle.  Only one axle was analysed since the axles on the semi-trailer 
were the same manufacturer and model.  The period (and therefore derived 
frequency) was able to be determined from successive peaks in the 
oscillatory waveform from both the pipe test and the VSB 11-style step test 
data in Figure 22 and Figure 23. 
The derived damped natural frequency values are shown in Table 9. 
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Variable LHS RHS 
 
VSB 11-style 
step test 
Pipe test 
VSB 11-style 
step test 
Pipe test 
Damped 
natural 
frequency f  
(Hz) 
1.68 1.75 1.72 1.53 
Table 9.  Comparison between derived damped natural frequencies for the two types 
of impulse testing: semi-trailer. 
 
Averaging each side for like test methods in Table 9: 
Variable 
VSB 11-
style step 
test 
Pipe test 
f averaged across LHS 
and RHS 
1.70 1.64 
Table 10.  Comparison between L/R averaged damped natural frequencies for the two 
types of impulse testing on the semi-trailer. 
 
Now comparing for the two different impulses as forcing functions, we note 
that the f derived for the front semi-trailer axle differed by a maximum of 
12.6%, depending on excitation method and extremes of side-to-side 
variation and 3.6% between averages.. 
Note that the manufacturer’s quoted VSB 11 type-tested damped natural 
frequency for these semi-trailer axles was 1.89 (Colrain, 2007) from a “pull-
up-and-drop” method. As mentioned, allowance for variations in the derived 
values due to manufacturing tolerances and wear and tear needs to be made. 
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4.3 Accelerometer data 
The accelerometer waveforms shown in Figure 25 to Figure 31 indicate that 
the impulse signal durations lasted approximately 0.4 - 0.6 s, regardless of 
impulse method. 
Using Equation 7, the axle-hop frequency for each test HV was found from 
the accelerometer data by inverting the accelerometers’ period in Figure 25 
to Figure 31.  Indicative axle-hop frequencies were as shown in Table 11. 
 
Test vehicle and axle Axle-hop frequency (Hz) 
Bus drive axle 8.5 – 10.2 
Coach drive axle 8.5 – 12.1 
Semi-trailer front axle 11.0 – 13.2 
Table 11.  Indicative axle-hop frequencies as measured at the accelerometer periods 
for the vehicle axles tested. 
 
The axle-hop frequencies were independent of excitation method.  Note that 
these figures aligned well with the peaks in the magnitudes shown in the 
FFTs in Figure 63 to Figure 75. 
4.4 VSB 11 vs. pipe test 
Figure 33 and Figure 34 show the accelerometer (input) signals for a typical 
VSB 11-style step test plotted on the same graph as the APT outputs 
corresponding to that input.  The two y-axes on each graph were calibrated 
differently and accordingly.  We see that the excursions of the input impulse 
were largely completed by approximately ½ of the first output period. 
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Air pressure transducer and accelerometer signals vs. time - bus rear axle step test            
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Figure 33.  Time series of bus axle accelerometer signal and contemporaneous APT 
signal for impulse testing using VSB 11-style step test. 
 
 
Air pressure transducer and accelerometer signals vs. time - bus rear axle pipe test            
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Figure 34.  Time series of bus axle accelerometer signal and contemporaneous APT 
signal for impulse testing using pipe test. 
 
We may now consider the shapes and comparison between the input signals 
as accelerometer traces and the APT signals as output signals from the air 
springs in Figure 33 and Figure 34.  It may be seen that the input signal has 
an axle hop component at relatively high frequencies, when compared with 
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the output signal at the air springs.  This phenomenon is explored further in 
the Discussion but, suffice to say here that, the FFT plots in Appendix 3 
separate these frequency components and indicate that the suspensions were 
acting as low-pass filters. 
 
4.5 Summary of this section 
In this section, the data gathered and presented in the Results has been 
analysed to provide: 
 ζ derived from empirical data measured using both testing methods; 
 damped natural frequency derived from empirical data measured 
using both testing methods; 
 comparison of those results, where available and derivable, between 
and across testing methods; 
 preliminary thoughts on some of the difficulties and challenges with 
the test methodologies; and 
 a visual comparison between the measured input impulses and the 
resultant output responses for the two test methods. 
The values for the damped natural frequencies and the damping ratios will be 
used to derive computer models of the test HVs’ suspensions.  The 
differences and similarities between and across test methods are discussed 
further in Section 6 with respect to their validity for an in-service HV 
suspension test and other research directions. 
The measured damping ratios and damped natural frequencies varied 
between sides of the test vehicles.  For purposes of reducing the numbers of 
individual models to be developed in the next section, an overall premise 
was that averaging both sides to one value would provide a “typical” quarter-
HV simulation model. 
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One of the hampering factors in this exercise was the lack of damping ratio 
and frequency values for the bus and coach.  Whilst Volvo Australia’s 
generosity in supplying suspension c and k values was appreciated, the ζ and 
f values for the Volvo bus and coach axles as used in Australia have not been 
tested and were consequently not available. 
 
4.5.1 Choice of coach drive axle for analysis and modelling 
The decision to choose the coach drive axle for modelling was outlined in 
4.2.2 on the basis that the tag axle’s ζ value could not be distinguished easily 
from that of the drive axle.  In addition to this rationale, the maximum static 
drive axle wheel forces, documented previously, were approximately 2/3 
greater than the tag axles forces (Davis & Bunker, 2008b).  The dynamic 
wheel forces for vehicles in this test programme have been derived 
previously (Davis, 2007, 2008a). 
Figure 35 shows the differences in dynamic wheel forces between the tag 
axle and the drive axle of the coach. 
Accordingly, the damage from the drive axle wheels has the potential to be 
greater than that from the tag axle by at least 1/3, in the case of static forces, 
and much greater in the dynamic case; the 4th power law being applicable 
(Potter et al., 1997).  Accordingly, the drive axle of the coach, being the 
more critical of the two coach rear axles in terms of network asset damage, 
was the choice as chosen to be analysed for this report. 
 
 
HV suspension characterisation - impulse testing & analysis 
 
 
79 
 
 Peak dynamic wheel force  (PDWF) averaged per test speed - coach 
loaded
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Figure 35.  Coach tag and drive axle wheel forces during dynamic tests – average 
values vs. speed. 
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5 Models of the suspensions 
The pipe tests for the coach and the semi-trailer did not result in classical 
second-order responses due to the speed of traverse.  To overcome this 
limitation and to move the research forward, the following section contains 
the development of computer models of the suspensions tested in the 
programme.  This to simulate a lower speed traverse and use (say) the 
accelerometer signals from the bus pipe test as an input to the other vehicles’ 
suspensions. 
A computer model was constructed.  The known inputs and outputs were the 
accelerations at the axle and the air spring signals proportional to relative 
displacement between the axle and the chassis.  The computer model was 
calibrated against these parameters.  The body-bounce signals from the VSB 
11-style step tests were chosen as the reference cases for the three HVs 
tested.  Considering a diagram of a half-axle (i.e. the wheel in one corner of 
the bus, or the “quarter-bus”) in Figure 36, then the pressure in the air springs 
may be considered proportional to the displacement between the body and 
the axle, or a variable arising from the result of subtracting displacement x 
from displacement y. 
 
 
HV suspension characterisation - impulse testing & analysis 
 
 
81 
 
 
Figure 36.  Diagram of a “quarter-axle” suspension of a HV showing parameters. 
 
Since we knew the acceleration at the axles, this variable was used as the 
input signal to our model.  Hence, the diagram in Figure 36 was reduced to 
that shown in Figure 37.  This since the influence of axle mass was already 
present in the empirical acceleration signals measured at the axle. 
 
 
Figure 37.  Simplified diagram of a “quarter-axle” suspension of a HV. 
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The responses at the air springs of the test HVs to the VSB 11-style step test 
impulses are shown in Section 3.2.  We assumed them classically 
underdamped second-order responses as indicated by the APT output 
waveforms from the VSB 11-style tests and the bus pipe test.  We then 
constructed a simple computer model of the suspension conceptualised in 
Figure 36 and Figure 37 for the three HVs under test.  Regarding the simple 
model in Figure 36, for purposes of deriving a computer model from the 
empirical data gathered during the testing and presented so far in this report, 
some assumptions regarding the vehicles tested were necessary: 
 the spring rate, ks, was linear regardless of direction; 
 the damping coefficient, cs, varied piecewise-linearly 
according to direction of movement (Costanzi & Cebon, 
2005, 2006; Duym, Stiens, & Reybrouck, 1997; Prem et al., 
1998; Uffelmann & Walter, 1994); 
 bushings, locating rods or other suspension components 
added no differential spring action, dead-band or hysteresis; 
and 
 the springs and the dampers did not reach their limits of travel 
(i.e. no spring or damper hysteresis or “bang-bang” limiting). 
 
5.1.1 Some assumptions regarding damping characteristic and 
spring linearity 
HV springs with non-linear spring rates over the entire range of spring travel 
have been modelled (Costanzi & Cebon, 2005, 2006).  This extremely 
complex modelling also introduced some hysteresis (Costanzi & Cebon, 
2005, 2006).  However, Costanzi and Cebon (2005; 2006) noted that air 
spring hysteresis occurred over very small parts of the overall range.  Other 
work (Cole & Cebon, 2007; Prem et al., 1998) produced moderately-complex 
models of air-spring HVs that were used for research on pavement damage.  
Those models used a linear ks value.  Accordingly, for our simple model, we 
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assumed a linear spring rate.  Manufacturers’ data (Mack-Volvo, 2007b) and 
the previous work on simple-to-moderately complex HV suspension models 
justified this assumption. 
Similarly, even moderately-complex models of air-spring HVs used for 
research on pavement damage and suspension measurement have used 
models with a piece-wise linear damping coefficient, c, which varied 
depending on direction (Cole & Cebon, 2007; Duym et al., 1997; Prem et al., 
1998).  Even the complex modelling of Costanzi and Cebon (2005; 2006) 
assumed linear, but unequal, damping coefficients in either direction. 
 
5.1.2 System equations 
The force on a damper is proportional to the relative velocities between its 
ends as defined by its damping coefficient cs.  The spring force is defined by 
its spring rate ks and is proportional to the relative displacement between its 
two ends. 
To derive the computer model, Newton’s 2nd Law allows a system equation 
to be developed using these relationships.  The relationship between x and y 
in Figure 36 and Figure 37 was found by first summing the forces on ms.  To 
find these, the damper force and the spring force were included in Newton’s 
2nd Law as an equation: 
0)()()( =−+−+=∑ yxkyxcxmF sss &&&&  
=> )()()( xykxycxmF sss −+−==∑ &&&&  
Equation 8 
where: 
 ms = the mass of the system in kg; 
 cs = the damping coefficient (n.b. not the damping ratio) of the 
shock absorber in kNs/m; 
 ks = the spring constant in kN/m; 
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 y = displacement of the axle in m; 
 y&  = velocity of the axle in m.s-1; 
 x = displacement of the body in m; 
 x&  = velocity of the body in m.s-1; and 
 x&& = acceleration of the body in m.s-2. 
Assuming underdamped behaviour, with some justification from the 
empirical evidence, the equations of motion from an underdamped 2nd-order 
system equation (remembering Equation 3) provide: 
the undamped natural frequency, nω = 21 ζ
ω
−
d
 
where: 
 dω  (simplified to ω ) = the damped natural frequency; or 
 body-bounce frequency (Meriam & Kraige, 1993; Thomson & 
Dahleh, 1998) in rad.s-1. 
 
5.1.3 Second-order system generic model 
Since the acceleration at the axle ( y&& ) was a known, it was used as an input to 
the model.  However, it was not part of Equation 8 so needed to be integrated 
to find the velocity of the axle, y& , to implement Equation 8.  Developing 
Equation 8 into a Simulink Matlab control system block diagram: 
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g/count
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c
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-K-
add 2
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y
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Figure 38.  Matlab Simulink block diagram using discrete block functions to execute 
the half-axle suspension system. 
 
where: 
 the output (Scope) is the APT pressure proportional to the 
displacement between the body and the axle (y - x); and 
 the input signal (Signal 2) is y&& . 
 
Mention needs to be made here of the non-linear characteristics of dampers 
with respect to direction, particularly directional velocity.  The damping 
characteristic varies with direction of movement, more specifically, with the 
direction of velocity.  This is to provide different dynamic resistances (i.e. 
damping coefficients) when the wheels hit a bump and then undergo 
rebound.  The different values of damping characteristic allow the suspension 
to control and optimise the tyres’ contact with the road during travel over 
undulations and non-uniformities.  This design feature required the 
determination of both bump and rebound damping ratios to derive the 
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appropriate damping coefficients for each of the three vehicles.  Accordingly, 
two damping coefficients were used in the computer models described in the 
following section: one for bump and one for rebound. 
 
5.1.4 Some notes on the influence of the tyres 
The impulse functions for these tests were measured from accelerometers at 
the axle, not the ground.  Even so, tyre spring rate and tyre damping 
influenced the results of these tests.  This because axle hop and tyre bounce 
were occurring and were components of the data recorded at the air springs 
and the accelerometers during the tests.  Previous researchers have noted this 
effect (Fletcher, Prem, & Heywood, 2002).  The FFTs in Figure 63 to Figure 
75 show the axle-hop frequencies present at the axles. 
Table 12 shows some of the variables and their units which are contained in 
vehicle models incorporating tyre parameters. 
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Parameter Symbol Unit 
Body-bounce 
frequency 
ω  rad.s-1 
Axle-hop 
frequency axle
ω  rad.s-1 
Damping ratio ζ n/a 
Sprung mass ms kg 
Unsprung mass mu mu kg 
Suspension spring 
rate 
ks N/m 
Suspension 
damping 
coefficient 
cs Nm/s 
Tyre spring rate kt N/m 
Tyre damping 
coefficient 
ct Ns/m 
Table 12.  Parameters used in HV suspension models that include tyre characteristics. 
 
The relationship between variables which constitute these vehicle models has 
been documented (Fletcher et al., 2002).  These are shown, Equation 9 to 
Equation 11. 
sts
ts
mkk
kk
)( +=ω  
Equation 9 
5.1
2 




+
=
ts
t
ss
s
kk
k
mk
cζ  
Equation 10 
u
ts
axle
m
kk
=ω  
Equation 11 
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Typical parameters for tyre spring rate and tyre damping coefficient have 
been reported (Costanzi & Cebon, 2005, 2006; de Pont, 1994; Karagania, 
1997).  These are shown in Table 13. 
 
Parameter Symbol Value 
Tyre spring rate kt 1.96 MN/m 
Tyre damping 
coefficient 
ct 1.76 kNs/m 
Table 13.  Typical values used for tyre and HV suspension parameters. 
 
Since the dynamic tyre phenomena undoubtedly influenced the data, we 
incorporated their influence by using Equation 9 to Equation 11 to derive cs 
and ks for our simplified models as follows.  Manufacturer’s data and 
previous research (Davis, 2006a, 2007, 2008a; Davis & Bunker, 2008b; 
Mack-Volvo, 2007a, 2007b; Prem, 2008) provided the unsprung and sprung 
masses.  Since ω and ζ were derived for the three test vehicles in the 
previous sections, Equation 9 was then rearranged to put known values on 
one side: 
 
=> 
sts
ts
mkk
kk
)( +=ω  
 
=> 
sts
ts
mkk
kk
)(
2
+
=ω  
 
=> tssts kkmkk =+
2)( ω  
 
=> tsstss kkmkmk =+
22 ωω  
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=> 22 ωω stssts mkmkkk =−  
 
=> 22 )( ωω ststs mkmkk =−  
 
=> 2
2
ω
ω
st
st
s
mk
mkk
−
=  
Equation 12 
 
Hence a spring rate k (= ks) and damping coefficient cs the model in Figure 
38 were able to be determined for each test vehicle. 
Similarly for Equation 10: 
=> 
5.1
2 




+
=
ts
t
ss
s
kk
k
mk
cζ  
 
=> 5.1
2






+
=
ts
t
ss
s
kk
k
mk
c
ζ
 
Equation 13 
 
when we determined the spring rate k (= ks) for each vehicle and substituted 
the value of ζ for each test vehicle, found in the previous sections, into 
Equation 13, the damping coefficient value for each suspension was able to 
be derived. 
Note that this process derived a value for ks and cs (Figure 38) which 
incorporated a contributory component from the influence of the tyres on the 
empirical data. 
As a check, Table 11 and the FFT plots in Appendix 3 provided the range of 
axle-hop frequencies for each test vehicle.  Once ks and cs were derived for 
each test vehicle, the derived
axleω value was checked against these per model. 
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5.2 Bus 
5.2.1 Constructing a computer model of the “quarter-bus” 
suspension 
The impulse response at the bus air springs can be seen in Figure 16 and 
Figure 17.   
A computer model from the generalised diagram in Figure 38 was developed 
as follows and to populate the variables in Equation 8 as they applied to the 
bus in Figure 16 and Figure 17: 
 the VSB 11-style step test provided an averaged ζ value of 
0.256.  Variation in derived ζ values between the two sides 
was compensated for by averaging the LHS and RHS value of 
ζ  from both sides of the bus as listed in Table 1.  These were, 
in turn, derived from the full-wave excursions in Figure 16 
and the corresponding values shown for R and Q (Figure 1); 
 the frequency was as shown in Table 6.  Since the pipe test 
was the test case and the reference method was VSB 11, the 
step test results for damped natural frequency from the latter 
were used.  Again, variations in derived values between the 
two sides were allowed for by averaging the LHS and RHS 
values.  This then resulted in a damped natural frequency, ω , 
for the model of 6.66 rad.s-1 (1.06 Hz).  The undamped 
natural frequency nω , was found from Equation 3 by dividing 
by 21 ζ− : 
 nω = ω /
21 ζ− ; 
 nω = 6.66 / 
2256.01−  ; and therefore 
 nω = 6.89 rad.s
-1
 (1.097 Hz); 
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 ms = the sprung mass of the system.  A value of 4.47 t was 
derived from a measured wheel mass of 5 t (Davis, 2006a, 
2007, 2008a) less the unsprung mass of the bus axle judged to 
be 530 kg (Prem, 2008). 
Using known variables listed above in Table 13, Table 14 provides the 
remaining variables from Equation 12 and Equation 13. 
Parameter Symbol Value Unit 
Body-bounce 
frequency 
ω  6.89 rad.s-1 
Sprung mass ms 4.47 t 
Unsprung mass mu 0.53 t 
Suspension spring 
rate 
ks 237.95 kN/m 
Suspension 
damping 
coefficient 
cs 19.83 kNs/m 
Tyre spring rate kt 1.96 MN/m 
Axle-hop 
frequency axle
ω  
 
10.2 
 
Hz 
Table 14.  Given and derived tyre and HV suspension parameters - bus. 
 
Manufacturer’s data was provided for a static spring rate (ks) range varying 
from 47.6 and 286.5 kN/m (Mack-Volvo, 2007a).  Dynamic spring rates may 
vary by a multiple of up to 1.4 of static spring rates; typically about 1.33 
(Costanzi & Cebon, 2005; Duym et al., 1997; Prem et al., 1998).  This is 
explored later but suffice to say that this is due to the ks value measured 
during static or quasi-static processes not accounting for adiabatic conditions 
(no heat transferred to the spring’s surroundings) existing during short, 
transient excursions of the air spring.  Note that the spring rate derived from 
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empirical data was within the 47.6 to 286.5 kN/m range of the 
manufacturer’s data (Mack-Volvo, 2007a). 
As a check for axle-hop frequency derived here, Table 11 and Figure 63 to 
Figure 65 show measured axle-hop frequencies between 8.5 Hz and slightly 
greater than 10 Hz. 
The damping ratio for bump and rebound cases was determined from the 
signal excursions in the positive and negative directions from the VSB 11-
style step tests, an example of which is shown in Figure 16.  Figure 1 
illustrates the starting points and conventions for derivation of differing 
damping ratios, depending on the relative direction of movement between 
the axle and the body.  Referring to Figure 1: 
 the convention for the signal excursion from R to B was taken 
as the case of rebound damping where the axle was moving 
away from the chassis; 
 the signal excursion from B to Q was for the case of bump 
damping where the axle was moving toward the chassis. 
The damping ratios were determined for the cases of: 
 bump, where the body and axle were moving toward each 
other.  This resulted in a positive sense for xy && −  which, in 
turn, required the model to recognise only positive values of 
xy && −  (i.e. a lower limit of zero for xy && − ) These were applied 
to the feedback loop as the bump damping coefficient; and 
 rebound, where the where the body and axle were moving 
away from each other.  This resulted in negative values for 
xy && −  which, in turn, required the model to consider only the 
negative values of xy && −   (i.e. an upper limit of zero for 
xy && − ) to be applied as the rebound damping coefficient. 
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Accordingly, the values for A1, A1.5 and A2  for the bus were used to derive 
ζbump  and ζrebound  using those excursions and Equation 20. 
These are shown in Table 15. 
 
Variable LHS RHS average 
 
VSB 11-style 
step test 
VSB 11-style 
step test 
 
Quiescent signal value 1812 1778  
A1 169 164 
 
A1.5 34 37 
 
A2 27 28 
 
ζbump  [from Equation 20 where 






=
5.1
1
2/1 ln A
Aδ ] 0.071 0.093 0.082 
ζrebound [from Equation 20 where 






=
2
5.1
2/1 ln A
Aδ ] 0.457 0.427 0.442 
Table 15.  Determining the bump and rebound damping ratios for the bus from the 
VSB 11-style step test . 
 
Having determined ks and knowing kt and ms (Table 14), cbump and crebound 
were found by substituting the averaged LHS/RHS of the derived ζbump and 
ζrebound  values shown in Table 15 from Equation 13: 
cbump = 5.1
2






+ ts
t
ssbump
kk
k
mkζ
 
 
=> cbump = 6.35 kNs/m; and 
HV suspension characterisation - impulse testing & analysis 
 
 
94 
 
 
crebound = 5.1
2






+ ts
t
ssrebound
kk
k
mkζ
 
=> crebound = 34.23 kNs/m. 
 
yielding the values in Figure 39. 
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Figure 39.  Matlab block diagram showing individual blocks for bus half-axle 
suspension simulation. 
 
Note that the manufacturer’s data did not always match the characteristics 
derived here.  This was particularly noticeable for the generalised damping 
coefficient, c, which was provided as an average value of 12.29 kNs/m for 
the H96 setting on this axle (Mack-Volvo, 2007a).  Empirical extremes of 
cbump at 3.2 kNs/m and crebound of 30.3 kNs/m on this axle were also provided 
by the manufacturer (Mack-Volvo, 2007a).  The damping coefficient of a 
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shock absorber will vary with velocity and direction.  Nonetheless, the 
derived values of damper coefficients used here were justified since they 
were derived from empirically measured data (such as the excursions of the 
APT signals and the empirical damped natural frequency from the inverse of 
the time between excursions) and need to be viewed in light of variations 
due to manufacturing tolerances.  Further, noting Equation 12, the spring 
constant ks is proportional to the square of the natural frequency.  An 
empirically measured f will yield an empirical dynamic ks.  Finding ks using 
dynamic data may result in a dynamic ks value varying up to 1.4 times 
greater than static k (Costanzi & Cebon, 2005; Prem et al., 1998).  In this 
case, the empirically-derived dynamic ks value was within the 
manufacturer’s data range. 
The constants for the gain blocks before the output and after the input were 
determined from the relationship between the accelerometer signal values 
and the resultant APT output values with appropriate elimination of the 
steady-state signals on both due to gravity.  This approach resulted in some 
non-alignment of the zero on the y-axes in the graphs following.  The 
absolute values of the excursion maxima and minima from these models vs. 
those from the empirical data were not of great concern.  This since damping 
measures were derived from the ratio of relative dynamic excursions in the 
y-axes data, not the offsets or absolute excursions. 
Note that the positive sense of the pressure in the air springs was for relative 
movement of the axle and the chassis toward each other.  The positive sense 
of x&  was for positive slopes of the air spring signals.  Accordingly, xy && −  
was positive for the rising halves of the air spring signals (e.g. positive-going 
signals from B to Q in Figure 1) during the bump excursion, and xy && −  was 
negative for the second halves of the air-spring signals (e.g. negative-going 
signals from R to B in Figure 1) during the rebound process.  Further 
parametric investigation was then undertaken to derive simulation outputs 
for derived f and ζ values from the Simulink Matlab model for the bus 
using: 
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 empirical data from the accelerometers during the VSB 11-
style step test; and  
 empirical data from the accelerometers during the pipe test. 
The data from the accelerometers during the VSB 11-style step test was 
chosen as the reference value since this test is one of the tests defined and 
approved for use to type-test RFS in Australia.  The duration of the impulse 
from the step test and the pipe test shown in Figure 33 and Figure 34 indicate 
that the duration of either impulse was approximately 0.4 s.  This result 
validated, from the empirical data in this programme, previous theoretical 
work (Davis & Sack, 2006) which proposed that this duration was 0.43 s for 
the pipe test.  Accordingly, for purposes of calibrating the model, an impulse 
signal from the accelerometers during the VSB 11-style step test was used. 
 
5.2.2 Calibrating the computer model of the “quarter-bus” 
suspension using empirical test data from the VSB 11-style 
test 
Figure 24 shows an example of a VSB 11-style step test input signal 
measured at the axle using the accelerometers.  It had a duration of 
approximately 0.4 s as explained above.  Running the simulation for this 
empirical data from a representative sample from the accelerometers during 
the VSB 11-style step test input signal resulted in a time-series output (from 
the “Scope” block in Figure 39) shown in Figure 40.  This provided a 
combined average model of the LHS and RHS responses.  Note that the plots 
within Figure 40 have been adjusted to align the x-axes for better 
comparison.  As a preliminary check, comparing this visually with Figure 
16, the period and excursions were very similar; a coarse validation that the 
model provided correlation with the empirical data.  The values for f and ζ 
were then derived for the step test results in Figure 40.  These are shown in 
Table 16 and Table 17 respectively. 
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Figure 40.  Time series of Matlab Simulink bus half-axle model using VSB 11-style 
step test input signal from accelerometer (above) and Figure 16 (repeated below) 
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5.2.3 Using empirical pipe test data input to the computer model 
to derive damping ratio 
 
The computer model was provided with the empirical test input data 
measured from the accelerometers on the bus axle during the pipe test.  The 
output signal from the simulated suspension model with empirical pipe test 
accelerometer data as an input is shown in Figure 41 with a reprised Figure 
17 for comparison purposes. 
The values for f and ζ were then derived from the model output trace in 
Figure 41.  These are shown in Table 16 and Table 17 respectively in 
comparison to the f and ζ values from the step test data as an input to the 
model. 
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Figure 41.  Time series of Matlab Simulink model of the bus half-axle with empirical 
accelerometer data from pipe test as an input impulse (above) and Figure 17 (repeated 
below). 
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Variable 
VSB 11-style 
step test 
(average, 
both sides; 
Table 1 ) 
Pipe test 
(average 
both sides; 
Table 1) 
Simulink 
model with 
empirical 
input from 
VSB 11-
style step 
test 
Simulink 
model 
with 
empirical 
input from 
pipe test 
Quiescent signal value   2.14 3.57 
A1   236.36 97.93 
A2   44.20 24.93 
ζ  [from Equation 6 where 






=
2
1ln
A
Aδ ] 0.256 0.236 0.264 0.230 
Error compared with average of 
actual VSB 11-style step test ζ 
(%) 
0 -7.4 3.5 -10.12 
Table 16.  Comparison between simulation model damping ratios and results from the 
two types of impulse testing - bus. 
 
Table 16 shows a comparison between the derived ζ values from the bus 
model for the two inputs: 
 empirical data from the accelerometers during the VSB 11-style step 
test (from Figure 24); and 
 empirical data from the accelerometers during the pipe test, Figure 
41. 
In addition, Table 16 compares these to the results derived for ζ values from 
the two “live-drive” test method, the variations between which have been 
covered in 4.2.1. 
The differences in the results from empirical data as inputs to the model 
were the same order-of-magnitude as the experimental error noted in the 
results shown previously in Table 1.  The difference in the damping ratio for 
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the empirical step test vs. the damping ratio for the step test from the model 
was 0.009 in 0.256 or an error of 3.5%.  The difference between the model 
damping ratio from the pipe test compared with the empirical damping ratio 
was 0.006 in 0.236 or an error of -2.5%. 
 
5.2.4 Using empirical pipe test data input to the computer model 
to derive damped natural frequency 
As discussed above, the output from the Simulink Matlab model for the 
“quarter-bus” suspension model was measured for the following inputs: 
 empirical data from the accelerometers during the VSB 11-
style step test; and  
 empirical data from the accelerometers during the pipe test. 
Using the 1−dT  method discussed in the previous section, the damped natural 
frequency values for the two simulation inputs to the computer model of the 
bus were derived from the model responses in Figure 40 and Figure 41.  
These are shown in Table 17 along with the averages of the measured values 
in Table 5 used to derive the computer model. 
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Variable 
VSB 11-
style step 
test 
(average, 
both 
sides; 
Table 5) 
Pipe test 
 
(average, 
both 
sides; 
Table 5) 
Simulink 
model 
with 
empirical 
input 
from VSB 
11-style 
step test 
Simulink 
model 
with 
empirical 
input from 
pipe test 
Damped natural 
frequency (Hz) 
1.06 1.17 1.064 1.04 
Error compared with 
average of actual 
VSB 11-style step 
test f (%) 
0 10.38 0.38 -1.89 
Table 17.  Comparison between simulation model damped natural frequencies and 
results from the two types of impulse testing- bus. 
 
The derived damped natural frequency from empirical data for the VSB11-
style step test (from which we took our model frequency) was 1.06 Hz.  The 
error between the simulated result and the VSB 11-style step test result 
varied between 0.38 % and -1.89 % of the VSB 11-style step test result.  
This was less than the previous errors in empirical f results from 
manufacturer’s certified VSB 11 values vs. f derived from the pipe test 
(Davis & Sack, 2004, 2006). 
Given that the only variation in the two tests was the excitation method, the 
differences the empirical frequency outcomes of 1.17 Hz for the pipe test vs. 
1.06 Hz for the step test must be attributed to the difference in excitation 
provided by them.  It was therefore likely that the pipe test provided a higher 
f value because of the rise-then-fall nature of the impulse compared with the 
simple falling mechanism of the step down test.  Further, the maximum time 
of pulse recommended by Doebelin (1980) for the impulse duration was 
0.35*Td.  Both the step and pipe mechanisms’ duration of 0.4 s was slightly 
longer than this recommendation and hence provided slightly longer impulse 
times than this the 0.35*Td recommended by Doebelin (1980).  This slight 
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increase in duration probably made the difference in the measured values for 
damped natural frequency as shown in the analysis done by Doebelin, pp79 - 
81 (1980). 
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5.3 Coach 
5.3.1 Constructing a computer model of the “quarter-coach” 
suspension 
Following the same procedure as the bus, for variables in Equation 8, as 
applied to the coach (and as used in Figure 42): 
 a general averaged ζ value of 0.36 was derived from the full-
wave excursions in Figure 20 and its corresponding values of R 
and Q (Figure 1).  This averaged ζ value between the two sides 
compensated for the differences in LHS and RHS values of ζ 
on both sides of the coach as listed in Table 2; 
 the damped natural frequency was found from the inverse of the 
time between successive peaks in Figure 20 and as shown in 
Table 7.  Since the VSB 11-style step test was the reference 
method, the damped natural frequency results derived from it 
were used.  Variation in frequency values between the two sides 
was compensated for by averaging the LHS and RHS derived 
values.  This then resulted in a damped natural frequency for 
the model of 1.12 Hz or 7.037 rad.s-1.  The undamped natural 
body bounce frequency nω , was found from Equation 3 by 
dividing ω  by 21 ζ− : 
 nω = ω /
21 ζ− ; 
 nω = 7.037 / 
236.01−  ; and therefore 
 nω = 7.54 rad.s
-1
 (1.20 Hz); 
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 ms = the sprung mass of the system.  A value of 3.79 t was 
derived from a measured wheel mass of 4.3 t (Davis, 2006a, 
2007, 2008a) less the unsprung mass of the bus axle of 510 kg 
(Prem, 2008) and from other measured data that indicated that, 
since the coach axle was lighter than the bus axle with a lighter 
disc brake assembly and alloy wheels in place of the bus’ drum 
brakes and steel rims (Davis & Bunker, 2008b), a reduction of 
20 kg was made compared with the bus axle mass. 
Using known variables listed above in Table 13, Table 18 provides the 
remaining variables from Equation 12 and Equation 13. 
 
Parameter Symbol Value Unit 
Body-bounce 
frequency 
ω  7.54 rad.s-1 
Sprung mass ms 3.79 t 
Unsprung mass mu 0.510 t 
Suspension spring 
rate 
ks 242.7 kN/m 
Suspension 
damping 
coefficient 
cs 24.53 kNs/m 
Tyre spring rate kt 1.96 MN/m 
Axle-hop 
frequency axle
ω  
 
10.6 
 
Hz 
Table 18.  Given and derived tyre and HV suspension parameters - coach. 
HV suspension characterisation - impulse testing & analysis 
 
 
106 
 
Manufacturer’s data was provided for a static ks range varying from 146.94 
to 242.3 kN/m (Mack-Volvo, 2007a).  From above, noting that dynamic 
spring rates may vary by a multiple of up to 1.4 of static spring rates 
(Costanzi & Cebon, 2005; Duym et al., 1997; Prem et al., 1998), a static ks 
value does not account for adiabatic conditions occurring during short, 
transient excursions of the air spring. 
Checking again for axle-hop frequency validation purposes, Table 11, Figure 
66 and Figure 67 show measured axle-hop frequencies between 8.5 Hz and 
approximately 11Hz. 
The damping ratios for bump and rebound cases were determined from the 
signal excursions in the positive and negative directions from the VSB 11-
style step tests, an example of which is shown in Figure 20. 
Similar to the case for the bus, the signal excursions R to B; and B to Q in 
Figure 1 were used to derive ζbump and ζrebound respectively.  Using those 
signal excursions and Equation 20 ζbump and ζrebound were derived; these are 
shown in Table 19. 
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Variable LHS RHS average 
 
VSB 11-style 
step test 
VSB 11-style 
step test 
 
Quiescent signal value 1954 1804  
A1 139.05 171.24  
A1.5 38.42 44.76  
A2 11.52 16.84  
ζbump  [from Equation 20 where 






=
5.1
1
2/1 ln A
Aδ ] 0.36 0.30 0.34 
ζrebound [from Equation 20 where 






=
2
5.1
2/1 ln A
Aδ ] 0.38 0.39 0.385 
Table 19.  Determining the bump and rebound damping ratios for the coach drive axle 
from the VSB 11-style step test. 
 
Having determined ks and knowing kt and ms (Table 18), substituting the 
averaged RHS and LHS derived ζ values from Table 19 into Equation 13: 
cbump = 5.1
2






+ ts
t
ssbump
kk
k
mkζ
 
 
=> cbump = 24.53 kNs/m; and 
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crebound = 5.1
2






+ ts
t
ssrebound
kk
k
mkζ
 
=> crebound = 27.78 kNs/m. 
yielded Figure 42. 
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y
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Figure 42.  Matlab block diagram showing individual blocks for coach half-axle 
suspension simulation. 
 
As before, data for the bump and rebound damping coefficients were 
provided by the manufacturer (Mack-Volvo, 2007a).  For the coach drive 
axle at the H96 setting this ranged between manufacturer’s empirical 
extremes of 1.9 kNs/m in bump and 25.0 kNs/m in rebound with an average 
of 11.85 kNs/m. 
The derived values of damper coefficients for bump and rebound c used here 
and shown in Figure 42 were justified as being derived from empirically 
measured data (such as the damped natural frequency) from the APT output 
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signals.  The same processing and offset compensation used for the bus 
model was made for the acceleration and air spring quiescent state signals. 
 
5.3.2 Calibrating the computer model of the “quarter-coach” 
suspension using empirical test data from the VSB 11-style 
test 
Running the simulation for an input signal using a combined set of empirical 
accelerometer data from the VSB 11-style step test resulted in a similarly 
agglomerated APT output from the computer model.  This pooled left and 
right signal as a time-series output (from the “Scope” block in Figure 42) 
and is shown in Figure 43.  As a preliminary check and comparing this 
visually with Figure 20, the period and excursions were similar.  This 
provided early validation that the model provided correlation with the 
empirical data. 
5.3.3 Using empirical test data input to the computer model 
As for the bus, the output from the Simulink Matlab model for the “quarter-
coach” suspension model was recorded and analysed for an input from 
typical empirical data from a pipe test.  Although these outputs did not yield 
second-order system responses that were analysable for damping ratio, the 
simulated APT output from the computer model using empirical 
accelerometer data as an input is shown in Figure 44.  This for: 
 visual validation of the model with respect to shape of 
simulation output vs. empirical data for the pipe test; and 
 later reference when the model damped natural frequency was 
derived. 
The model’s values for ζ and f were then derived for the VSB 11-style step 
test input.  The results from this exercise with respect to derived for ζ and f  
are shown in Table 20 and Table 21 respectively.  Accordingly, a 
comparison was able to be made between: 
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 averaged ζ values from Table 3; and 
 values derived from the model using empirical data recorded 
during the VSB 11-style step test. 
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Figure 43.  Time series of Matlab Simulink model of the coach drive half-axle with 
empirical accelerometer data from VSB 11-style step test as an input impulse with a 
reminder of Figure 20 for comparison purposes (below). 
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Variable 
VSB 11-
style step 
test 
(average, 
both sides, 
Table 3) 
Simulink 
model with 
empirical 
input from 
VSB 11-
style step 
test 
Error 
compared 
with 
average of 
actual VSB 
11-style 
step test ζ 
(%) 
Quiescent signal 
value 
 -4.4  
A1  129.16  
A2  9.69  
ζ  [from Equation 6 
where 





=
2
1ln
A
Aδ ] 
 
0.36 
 
0.34 -5.5 
Table 20.  Comparison of damping ratios from the model using empirical data as 
inputs – coach drive axle. 
 
The errors in the derived damping ratios from the model were slightly less 
than the experimental error noted in the results shown previously in Table 3.  
The comparison between the model results using empirical accelerometer 
data from the VSB 11-sytle step test provided a damping ratio error of -0.02 
in 0.36 or approximately -5.5 % when compared with the empirical results 
from the VSB 11-style step test. 
Note that the damping ratio for the pipe test empirical data input was not 
developed since the waveforms (bottom panel, Figure 44) were not 
conducive to that form of analysis.  This was because they did not exhibit the 
required exponentially-decaying second-order outputs required for the type 
of analysis herein and such as those shown in Figure 1, for example. 
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Figure 44.  Time series of Matlab Simulink model of the coach drive half-axle with 
empirical accelerometer data from pipe test as an input impulse (top) with a reminder 
of Figure 21 for comparison purposes (rescaled and below). 
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5.3.4 Using empirical test data input to the computer model to 
derive damped natural frequency 
Similar to the bus, the output from the Simulink Matlab model for the 
“quarter-coach” suspension model was recorded as a surrogate of a typical 
APT response to a pipe test and a VSB 11-style step test.  The output 
waveforms exhibited oscillatory behaviour (Figure 43 and Figure 44) after 
the input disturbance.  This allowed a value for damped natural frequency to 
be determined from the model when the empirical accelerometer data was 
input.  These plots were used to derive f from Equation 7 using the 1−dT  
method discussed in the previous section.  Accordingly, the damped natural 
frequency values for the two simulation inputs were derived and are shown 
in Table 21 along with the averages of the measured values used to derive 
the computer model, for comparison purposes, from Table 7. 
 
Variable 
VSB 11-
style step 
test 
(average, 
both sides; 
Table 7) 
Pipe test 
 
(average, 
both sides; 
Table 7) 
Simulink 
model 
with 
empirical 
input 
from VSB 
11-style 
step test 
Simulink 
model 
with 
empirical 
input 
from pipe 
test 
Damped natural 
frequency (Hz) 
1.12 1.15 1.13 1.12 
Error compared 
with average of 
actual VSB 11-style 
step test f (%) 
0 2.68 0.89 0 
Table 21.  Comparison between simulation model damped natural frequencies and 
results from the two types of impulse testing- coach. 
 
The derived damped natural frequencies from the simulation model using the 
empirical data measured at the axles provided consistent results with a mean 
of 1.125 Hz.  The derived damped natural frequency from empirical data for 
the VSB11-style step test (from which we took our model frequency) was 
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1.12 Hz, a maximum error of approximately 0.89 % when compared with the 
model results using any of the input functions.  The pipe test empirical result 
was well aligned when compared with the simulated result.  This result was 
much better than error values between the manufacturers’ certified data for f 
derived from VSB 11-style testing and the pipe test noted in previous work 
(Davis & Sack, 2004, 2006). 
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5.4 Semi-trailer 
5.4.1 Constructing a computer model of the semi-trailer “half-
axle” 
Following the same procedure as before for the variables in Equation 8 as 
they apply to the semi-trailer modelled in Figure 45: 
 a general averaged ζ value of 0.238 was derived from the full-
wave excursions in Figure 22 and its corresponding values of R 
and Q (Figure 1), compensating for the differences in LHS and 
RHS values of ζ on both sides of the semi-trailer as listed in 
Table 4; 
 the VSB 11-style step test was the reference method.  Hence, 
the damped natural frequency for the semi-trailer axle was 
derived from the signal during this test as the inverse of the 
time between successive peaks in Figure 22 (Table 10).  
Variations between the two sides were adjusted by averaging 
the LHS and RHS values.  The resultant damped natural 
frequency for the model was then 1.70 Hz or 10.68 rad.s-1.  The 
undamped natural frequency nω , was found by dividing ω  by 
21 ζ− (Equation 3): 
 nω = ω /
21 ζ− ; 
 nω = 10.68 / 
2238.01−  ; and therefore 
 nω = 11.00 rad.s
-1
 (1.75 Hz); 
 ms = the sprung mass of the system.  A value of 2.9 t was 
derived from a measured wheel mass of 3.26 t (Davis, 2006a, 
2007, 2008a) less the unsprung mass of the semi-trailer axle of  
360 kg (Davis & Bunker, 2008b; Giacomini, 2007). 
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Using known variables listed above in Table 13, Table 22 provides the 
remaining variables from Equation 12 and Equation 13: 
Parameter Symbol Value Unit 
Body-bounce 
frequency 
ω  7.54 rad.s-1 
Sprung mass ms 2.9 t 
Unsprung mass mu 0.36 t 
Suspension spring 
rate 
ks 427.18 kN/m 
Suspension 
damping 
coefficient 
cs 22.52 kNs/m 
Tyre spring rate kt 1.96 MN/m 
Axle-hop 
frequency axle
ω  
 
12.4 
 
Hz 
Table 22.  Given and derived tyre and HV suspension parameters – semi-trailer. 
 
Verifying the axle-hop frequency against the empirical data, Table 11 and 
Figure 70 to Figure 75 show various axle-hop frequency values from 11 to 13 
Hz. 
The damping ratios for bump and rebound cases were determined from the 
signal excursions in the positive and negative directions from the VSB 11-
style step tests, an example of which is shown in Figure 22. 
Similar to the cases for the other two test vehicles, and Equation 20 and the 
signal excursions R to B and B to Q (in Figure 1) were used from Figure 22 
to derive ζbump and ζrebound  respectively.  These are shown in Table 23. 
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Variable LHS RHS average 
 
VSB 11-style step 
test 
VSB 11-style step 
test 
 
Quiescent signal value 1479 1500  
A1 94 98  
A1.5 32 38  
A2 17 21  
ζbump  [from Equation 20 
where 





=
5.1
1
2/1 ln A
Aδ ] 0.20 0.19 0.195 
ζrebound [from Equation 20 
where 





=
2
5.1
2/1 ln A
Aδ ] 0.32 0.29 0.305 
Table 23.  Determining the bump and rebound damping ratios for the semi-trailer 
front axle from the VSB 11-style step test. 
 
No manufacturer’s values for the damping coefficient were available.  
Having determined ks and knowing kt and ms (Table 22), substituting the 
average of the derived ζ values from the RHS and LHS shown in Table 23 
into Equation 13: 
 
cbump = 5.1
2






+ ts
t
ssbump
kk
k
mkζ
 
 
=> cbump = 18.45 kNs/m; and 
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crebound = 5.1
2






+ ts
t
ssrebound
kk
k
mkζ
 
=> crebound = 28.86 kNs/m. 
 
yielded Figure 45. 
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Figure 45.  Matlab block diagram showing individual blocks for semi-trailer half-axle 
suspension simulation. 
 
Similar to the other two models, the constants for the gain blocks before the 
output and after the input were determined from the relationship between the 
accelerometer signal values and the resultant APT output values with 
appropriate elimination of the steady-state signals on both due to gravity. 
Further parametric investigation was then undertaken to derive simulation 
outputs for derived f and ζ values from the Simulink Matlab model for the 
semi-trailer using: 
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 empirical data from the accelerometers during the VSB 11-
style step test; and 
 empirical data from the accelerometers during the pipe test. 
 
5.4.2 Calibrating the a computer model of the semi-trailer “front 
half-axle” suspension using empirical test data from the 
VSB 11-style test 
As for the other two test vehicles, the output from the Simulink Matlab 
model for the semi-trailer front half-axle suspension model was recorded and 
analysed for an input from typical empirical data from the accelerometers 
during a VSB 11-style step test.  This is shown in Figure 46.  The result from 
this exercise with respect to derived ζ  for the VSB 11-style step test is 
shown in Table 24 as a comparison between averaged ζ values from Table 4 
and those from using empirical data recorded during the VSB 11-style step 
test. 
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Figure 46.  Time series (above) of Matlab Simulink model of the semi-trailer half-axle 
output with empirical accelerometer data from VSB 11-style step test as an input 
impulse and an augmented Figure 22 as a reminder of the actual response (below). 
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Comparing the output from the model with Figure 22, it may be seen by 
inspection that the period and excursions were very similar; a visual check 
that the model provided good correlation with the empirical data.  The 
model’s values for ζ and f were then derived for this input.  These are shown 
in Table 24 and Table 25 respectively. 
 
Variable 
VSB 11-
style step 
test 
(average;  
both sides, 
Table 4) 
Simulink 
model with 
empirical 
input from 
VSB 11-style 
step test 
Error 
compared 
with average 
of actual VSB 
11-style step 
test ζ (%) 
Quiescent signal 
value 
 0  
A1  91.40  
A2  19.73  
ζ  [from Equation 6 
where 





=
2
1ln
A
Aδ ] 0.238 0.237 -0.4 
Table 24.  Comparison of empirical damping ratios, those from the model using the 
empirical data as inputs to the model of the half-axle – semi-trailer. 
 
The errors in the derived damping ratios from the empirical data from the 
step test into the model varied by 0.001 from the average of the results 
shown in Table 4.  This was an error of -0.4% when compared with the 
empirically-derived VSB 11-style step test results.  Variations of up to 60% 
have been reported  between results from different types of impulse testing 
(Prem et al., 1998; Uffelmann & Walter, 1994).  Accordingly, and as in the 
outcomes for the bus and coach, errors of this order-of-magnitude indicate 
that this was a good result. 
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5.4.3 Using empirical pipe test data input to the computer model 
– semi-trailer 
Again, the pipe test outputs from the semi-trailer did not yield second-order 
system responses that were analysable for damping ratio.  Even so, the 
output from the computer model for the empirical accelerometer data as an 
input is shown in Figure 47.  This for: 
 visual comparison of the model with respect to shape of 
simulation output vs. empirical data for the pipe test; and 
 later reference when the model damped natural frequency was 
derived. 
Note that the damping ratio from the pipe test empirical data was not 
developed since the APT output waveforms did not have a classical second-
order shape so were not conducive to that analysis. 
The output trace for the Simulink Matlab model shown in Figure 47 and its 
mis-match with respect to the negative-going first pulse from the empirical 
data indicates that there was another subtlety to the semi-trailer reality not 
reflected in the development and actualisation of the model used here.  This 
is explored later in the Discussion. 
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Figure 47.  Time series of Matlab Simulink model of the semi-trailer half-axle output 
(above) with empirical accelerometer data from pipe test as an input impulse and 
(below) aide memoire of empirical data from the APT output during this test. 
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5.4.4 Using empirical test data input to the computer model to 
derive semi-trailer damped natural frequency 
As for the bus and the coach, the output from the Simulink Matlab model 
for the “front half-axle” of the semi-trailer suspension model was recorded 
for the following inputs: 
 empirical data from the accelerometers during the VSB 11-
style step test resulting in the trace shown top, Figure 46; and  
 empirical data from the accelerometers during the pipe test, 
resulting in the trace shown top, Figure 47. 
The oscillatory behaviour measured at the APTs (Figure 22) after the input 
disturbances of the pipe test and the VSB 11-style step test allowed damped 
natural frequency to be determined.  The model time-series output traces, 
shown in the top panels of Figure 46 and Figure 47, provide expanded time-
series for the purposes of measuring the period between zero-crossings.  
These values were used to derive f from Equation 7 using the 1−dT  method 
discussed in the previous section.  The model system output damped natural 
frequency values from the two simulation inputs were thus derived and are 
shown in Table 25 along with the averages of the measured values in Table 
10 used to derive the computer model. 
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Variable 
VSB 11-
style step 
test 
(average,  
both sides; 
Table 10) 
Pipe test 
 
(average, 
both sides; 
Table 10) 
Simulink 
model 
with 
empirical 
input 
from VSB 
11-style 
step test 
Simulink 
model 
with 
empirical 
input 
from pipe 
test 
Damped natural 
frequency (Hz) 
1.7 1.64 1.64 1.62 
Error compared with 
average of actual 
VSB 11-style step 
test f (%) 
0 -3.53 -3.53 -4.71 
Table 25.  Comparison between simulation model damped natural frequencies and 
results from the two types of impulse testing- semi-trailer. 
 
The derived damped natural frequencies from the simulation model using the 
empirical data measured at the axles provided consistent results with a mean 
of 1.63 Hz.  The derived damped natural frequency from the VSB 11-style 
step test (from which we took our model frequency) was 1.70 Hz.  The 
simulation result using empirical accelerometer data from that test and the 
actual VSB 11-style step test result differed as shown in Table 25. 
Note that, despite the mis-match between the shape of the time-series for the 
APT pipe test simulation result and the actual result for the pipe test APT 
signal, that test’s empirical accelerometer data, when input to the model, 
produced a result for f with an error within 0.02 Hz of the simulation f from 
the step test. 
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5.5 Using the computer models with the “slow” pipe 
test input 
Previous work (Davis & Sack, 2006) on a semi-trailer showed good 
correlation between the manufacturer’s suspension values derived from VSB 
11 certification vs. those derived from air-spring pressure whilst the HV 
traversed a pipe.  Those tests used the same pipe as a perturbation as in the 
tests documented here (Davis & Sack, 2006) but with a lower traverse speed.  
The pipe tests for the semi-trailer and the coach in this series of tests were, 
unfortunately, run at too high a speed to elicit classical second-order 
responses from the suspensions.  The bus, however, did respond with a 
classical second-order response to a slow-speed run over the pipe.  This run 
produced analysable signals yielding good correlation with VSB 11-style 
step test values. 
To progress the analysis of the pipe test to a broader range of vehicles and 
since the response to it from the coach and the semi-trailer did not produce 
analysable results, we re-visited the data for the pipe test that produced the 
classical second-order response in the bus drive axle.  This was for the bus 
during a slow speed run.  The empirical accelerometer data at the bus drive 
axle during that pipe test were then used as an input to the coach and semi-
trailer models. 
Figure 48 shows a 5Hz low-pass filtered time-series of the coach drive-axle 
simulation using the accelerometer data from the slow bus run over the pipe.  
Similarly, Figure 49 shows the response of the semi-trailer model when the 
bus drive axle accelerometer signals were used as an input. 
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Figure 48.  Time series of Matlab Simulink  model of coach drive axle APT output for 
empirical data from bus accelerometer pipe test. 
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Figure 49.  Time series of Matlab Simulink  model of semi-trailer axle APT output for 
empirical data from bus accelerometer pipe test. 
 
Using Equation 6, the damping ratios were derived for the simulation of the 
coach drive axle and the semi-trailer axle using the empirical accelerometer 
data from the slow bus run over the pipe as an input to the model.  The 
damping ratios were derived from the time series in Figure 48 and Figure 49 
and shown in Table 26. 
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Variable 
Simulink coach model using 
empirical input from bus 
accelerometer pipe test data 
Simulink semi-trailer model 
using empirical input from bus 
accelerometer pipe test data 
Quiescent signal value 5.96 0 
A1 117.50 102.95 
A2 21.80 19.09 
ζ  [from Equation 6 
where 





=
2
1ln
A
Aδ ] 0.297 0.259 
Error compared with 
average of actual VSB 
11-style step test ζ  (%) 
-17.8 8.84 
Table 26.  Comparison of simulation model damping ratios of the front semi-trailer 
axle and the coach drive axle APT outputs for empirical data from bus accelerometer 
pipe test. 
 
Also from Figure 48 and Figure 49 and using the  1−dT  method already 
discussed, the damped natural frequency values for the coach drive axle and 
the semi-trailer axle were derived for the models and are shown in Table 27. 
 
 
Simulink model result with 
empirical input from bus 
accelerometer pipe test 
data 
 
Result damped natural 
frequency f (Hz) 
Error compared with actual 
VSB 11-style step test damped 
natural frequency 
% 
Coach drive axle 1.06 -5.4 
Semi-trailer front axle 1.71 0.6 
Table 27.  Simulation model damped natural frequencies of the front semi-trailer axle 
and the coach drive axle APT outputs for empirical data from bus accelerometer pipe 
test. 
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This was considered a very good result.  The errors between the ζ and f 
parameters derived using empirical data and the actual measured parameters 
were, with the notable exception of the coach model’s frequency, in the same 
order-of-magnitude as those for the models when empirical step test data 
were used as inputs. 
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5.6 Summary of this section 
Given: 
 the simplicity of the models; 
 that the RHS and LHS f and ζ were averaged and therefore 
the models were composites derived, in part, from empirical 
data from both sides of the vehicles;  
 the models excluded a number of mechanical suspension 
complexities; and 
 that consideration needs to be made regarding that exclusion 
of a number of mechanical suspension complexities, 
the results from the computer model for damped natural frequency and 
damping ratio gained from it in this section compared very favourably with 
the empirical results from the previous section.  Now that the models’ 
outputs have been validated against empirical data for f and ζ, the models 
and their derived parameters will be used for future work with further 
development.  Noting that the errors ranged from less than 1% to an outlier 
of 18% (covered in Discussion), allowance will need to be made for the 
errors noted in this section when using the computer models in future work. 
Further to these details, the apparent non-classicality of the coach and semi-
trailer responses to the pipe test has been overcome somewhat.  This by the 
development of two simulation models for these vehicles and application to 
them accelerometer data that did elicit analysable second-order responses 
from the axle of the bus.  That this approach could be questioned is 
understandable.  However, given; 
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 the results of that exercise being with 9 % of the VSB 11-
style step test outcomes (if we exclude the frequency of the 
coach axle); 
 that the semi-trailer axle was almost half the mass of the bus 
axle; and 
 the sensitivity of derivation of damping ratio (ζ) to method 
(Uffelmann & Walter, 1994) 
this was a better-than expected result.  Further, the results show that it was 
not a wasted, nor invalid, exercise. 
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5.6.1 Error analysis – totalised summary 
Table 28 to Table 30 provides a summary of the errors across all of the 
processes documented herein for: 
 live-drive testing and analysis thereof; 
 analysis of computer simulation of empirical data from that 
particular axle tested; and 
 analysis of computer simulation of empirical data from the bus 
drive axle accelerometers applied to the coach drive axle and 
the semi-trailer axle. 
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 Totalised errors across all testing and simulations – bus drive axle 
Parameter Method 
 Live drive Live drive Model Model 
 VSB11 (left-right 
variation) 
Pipe test compared with empirical 
VSB 11 result 
VSB11 input to 
model 
Pipe test input to model compared with 
empirical VSB 11 result 
ζ 0.6% -7.4% 3.5% -10.12% 
f 1.9% 10.38% 0.38% -1.89 
Table 28.  Summary of errors across all methods - bus. 
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 Totalised errors across all testing and simulations – coach drive axle 
Parameter Method 
 Live drive Live drive Model Model  
Parameter VSB11 (left-
right variation) 
Pipe test compared with 
empirical VSB 11 
result 
VSB11 
input to 
model 
Pipe test input to model 
compared with empirical 
VSB 11 result 
Bus accelerometer pipe signal as input to 
model compared with empirical VSB 11 
result 
ζ 5.7% n/a -5.5% n/a -17.8% 
f 3.6% 2.7% 0.9% 0 -5.4% 
Table 29.  Summary of errors across all methods – coach drive axle. 
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 Totalised errors across all testing and simulations – semi-trailer axle 
Parameter Method 
 Live drive Live drive Model Model  
Parameter VSB11 (left-
right variation) 
Pipe test compared with 
empirical VSB 11 result 
VSB11 input 
to model 
Pipe test input to model 
compared with empirical VSB 
11 result 
Bus accelerometer pipe signal as input to 
model compared with empirical VSB 11 
result 
ζ 8.7% n/a -0.4% n/a 8.8% 
f 2.4% -3.53 -3.53 -4.71 0.6% 
Table 30.  Summary of errors across all methods – semi-trailer axle.
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6 Discussion 
6.1 Rationale 
State Governments and the Australian Government decide to alter 
regulations from time to time for a number of reasons.  When changes to 
heavy vehicle (HV) transport regulation in Australia are proposed, the 
National Transport Commission (NTC) prepares a regulatory impact 
statement (RIS).  Arising from those statements is a public consultation 
process.  Not surprisingly, proposals by road authorities and transport 
regulators that increase operating costs, even given the RIS and public 
consultation process, are not received warmly by transport operators.  This in 
part, due to transport operators being characterised as running businesses 
having high productivity, low margins and high overheads.  Most businesses 
are able to pass on cost increases to their clients, particularly those with few 
competitors.  Normally service providers in the majority of industries either 
quote their clients or work with market prices such that the resultant income 
provides a rate of return based on market expectation of the shareholders, 
capital investment, labour charges and other costs.  The transport industry is 
different in that the sole-operator comprises a greater proportion of the 
service providers than are present in the (say) supermarket retail industry or 
the oil industry. 
The structure of the fees and charges operators are prepared to request from 
their clients is moderated constantly by sole-operators undercutting rates that 
would, in other industries, provide healthy rates of return and profits that 
would contribute to healthy share prices in the case of a listed company or, 
in any case, provide a rate of return expected in other industries with 
comparable capital investments. 
Accordingly, any test on the air suspensions of the HV fleet operating at 
HML in Australia would need to be low-cost.  VSB 11 type-testing is 
comparatively expensive, in the order of magnitude of $5K per test 
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(Bisitecniks, 2007).  A cost structure of this magnitude would not be 
acceptable for testing every air-sprung axle on every HV operating under the 
various HML schemes in Australia.  This especially since the tests would 
conceivably need to be done annually for typical operation and more 
frequently under arduous conditions.  To achieve acceptance of in-service 
testing of air-sprung HV suspensions the costs per test will have to be two or 
three orders-of-magnitude lower than VSB 11 testing.  Unless this proposed 
in-service testing is low cost, it will negate any gains made by conserving the 
road network asset by HV fleet having 100 percent penetration of healthy2 
shock absorbers. 
The health of air-sprung HV suspensions and the related effect on the road 
network asset when they are out-of-specification has been well documented 
(Gyenes et al., 1992; National Road Transport Commission, 1993; OECD, 
1998).  Healthy air-sprung HV suspensions were recommended as a 
condition of access before their introduction and methods were proposed 
(Cebon, 1999; Potter et al., 1997; Woodroofe, 1995; Woodroofe et al., 
1988).  Accordingly, suspension testing of air-sprung HVs was proposed at 
this time and has been debated as to efficacy ever since but without much 
activity.  Some work was done earlier this decade (Starrs Pty Ltd et al., 
2000; Sweatman et al., 2000) but it underestimated the number of non-
compliant HV suspensions compared with a more definitive Marulan survey 
(Blanksby et al., 2006).  The Starrs and Sweatman reports (2000; 2000) had 
based their analysis on a limited sample; under 15 HVs vs. 121 at Marulan 
(Blanksby et al., 2006).  In 2004-05 the bi-lateral infrastructure funding 
agreements (BIFAs) between both the State Governments of New South 
Wales and Queensland with the Australian Government for additional road 
funding (Australia Department of Transport and Regional Services, 2005a, 
2005b) took place.  Those negotiations, in part, brought into focus the 
concern that the road authorities had with regard to the effect of poorly-
performing, out-of-specification or worn HV air suspensions.  Within those 
agreements were commitments to develop an in-service test for those air-
                                                     
2
 complying with the HV manufacturers’ specifications. 
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sprung HVs operating at higher axle loadings.  A project by the National 
transport Commission to develop such a test is now underway. 
 
6.2 VSB 11 vs. the pipe test 
Characterising a suspension’s response can be performed using an impulse 
as a forcing function (Chesmond, 1982; Doebelin, 1980).  Indeed, an 
idealised version of this for HV testing purposes would be an impulse falling 
to zero from some arbitrary value instantaneously.  The ideal of this 
vertically falling impulse is approximated in the approved step test used as a 
forcing function in VSB 11.  This by the tyre rolling off a step with the axle 
falling 80mm as the tyre reaches the ground.  In reality, the time taken to fall 
from a height of 80mm to the ground is finite, unlike the idealised impulse 
response able to be produced by signal generators and used to characterise 
electronic control systems.  Figure 24, Figure 26, Figure 28 and Figure 30 
show that this time was approximately 0.4-0.5 s for the VSB 11-style step 
test.  Similarly, the impulse duration shown in Figure 25, Figure 27, Figure 
29 and Figure 31 is, again, approximately 0.4-0.5 s for the pipe test. 
Previous work provided a theoretical study of the duration of the impulse 
signal from the pipe test (Davis & Sack, 2006).  That theory predicted an 
impulse duration at the axle of 0.43 s for an 11R22.5 tyre and a 50 mm pipe.  
It went on to show that the combination of: 
 5 km/h approach speed, and 
 traverse over a 50 mm pipe 
would provide an impulse of sufficient signal strength and duration to allow 
the resultant signal at a HV spring to be analysed for body-bounce frequency 
and damping ratio. 
As Doebelin (1980) pointed out, provided the impulse used as an input 
signal is short enough, its shape is irrelevant and will suffice as an 
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approximation to an ideal impulse for purposes of characterising a system 
response.  Further, Doebelin (1980) stated, providing that the impulse 
duration is less than about 35% of the time constant of the system being 
measured, the imperfect analogue of the impulse signal still suffices for good 
system characterisation.  Considering the coach and bus body-bounce 
frequency of approximately 1.0 Hz or semi-trailer axles in the range 1.5 – 
2.0 Hz (Blanksby et al., 2006; Davis et al., 2007; Davis & Sack, 2004, 
2006), the impulse duration found in these tests was slightly longer than 
Doeblin’s recommendation.  However, this was the case for either test 
method; any imperfections arising from slightly longer impulse durations 
were applicable to both the official VSB 11 step test and the pipe test.  Even 
so, the actual results from either were within acceptable experimental 
boundaries. 
Now turning to the analysable pipe test results compared with those for the 
non-classical second-order system response.  We note that, in the cases of 
higher traverse speeds, the impulse time for the pipe test was not markedly 
different when comparing the two cases of analysable vs. non-analysable 
tests.  Hence, the impulse time did not make a contributory difference.  It 
was expected, therefore, that the larger amount of tyre deformation present at 
the higher speeds coupled with leading axle air springs transferring force via 
the chassis to the next axle as well as axle-hop and tyre-hop phenomena 
(Gillespie et al., 1993; Popov et al., 1999) affected these signals.  This would 
have been where the pipe pushed the tyre up, the tyre stored energy on the 
bump ½-cycle and such energy being returned vigorously on the rebound ½-
cycle. 
Another contributor to these anomalous results may have been the semi-
trailer and coach chassis bottoming-out (Woodroofe, 1995) and/or the air 
lines being choked and unable to pass high-velocity air between the air 
springs during vigorous excitation (Li & McLean, 2003).  This particularly 
so for the semi-trailer where the APT signal flattened after the first positive 
excursion (circle, Figure 50). 
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Figure 32 shows that the outputs varied little between the respective APTs 
on the coach drive axle and the tag axle. 
 
Figure 50.  Expanded view of the APT signal showing “bottoming-out” after initial 
excitation during pipe test. 
 
Other work (Davis & Kel, 2007) has shown that the tag and the drive axle 
damping ratio (ζ) and damped natural frequency (f) values3 were different for 
each axle.  This difference was not able to be determined using the APT 
signals measured at the air springs.  As noted in the previous work (Davis & 
Kel, 2007; Davis et al., 2007), the differences in  tag and the drive axle ζ and 
f values were determined using accelerometers fixed to the chassis of the 
coach.  For the analysis of APT signals, this difference was not able to be 
determined for either the pipe test or the VSB 11-style step test results.  It 
was expected that this phenomenon was due to the close-coupled nature of 
the two dissimilar axles via the chassis.  This likely would have resulted in 
the APT signal on one set of air springs being mirrored at the other set of air 
springs through the dependency between axles of the suspension but with 
different suspension parameters masked by this coupling. 
It is expected that the coupling mechanism between the dissimilar coach tag 
and drive axles also contributed to the inability of the computer simulation 
                                                     
3 These terms are explained more fully in Section 1.1.4.   
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model to accommodate the successful “slow” pipe test accelerometer data to 
produce a damping ratio result within the error envelope of the other 
simulation parameter results.  Another possibility was that the coach axle 
accelerometer data was somehow different from that of the bus axle data for 
the pipe test.  If this were the case, it could explain why the substitution of 
bus axle accelerometer data did not provide a correlated result for the 
exercise of using bus axle data into the coach model.  However, the semi-
trailer axle model provided results well within the envelope of difference in 
empirical test results and its sprung and unsprung mass was almost half of 
that of the coach axle.  Accordingly, that supposition may be ruled out, 
leaving us with the close-coupling scenario as the most likely. 
 
6.3 HV suspension testing – measuring the output 
There is an increasing penetration of on-board mass (OBM) systems 
installed in the HV fleet.  There are national projects underway to determine 
the feasibility of OBM systems in a regulatory framework.  (Davis, Bunker, 
& Karl, 2008; Germanchev & Eady, 2008; Karl, 2007).  Accordingly, OBM 
systems are being examined closely to see if they may assist with other fleet-
management areas.  These systems already provide a mechanism for loading 
to compliant GVMs and no more.  Further, OBM systems with dynamic 
recording capability have the potential to provide a parallel function in that 
these systems may be used to determine HV suspension health.  Should a 
HV equipped with an OBM system be driven over an appropriately shaped 
discontinuity in (say) the transport operator’s marshalling yard, the OBM 
system output could be analysed to determine damping ratio and damped 
natural frequency.  Any suitable discontinuity such as a bar, a pipe or 
channel would suffice if it was of sufficient height to impart an impulse of 
enough energy to elicit a readable response from the HVs OBM system but 
not too high that the energy thus imparted forces non-linear non-classical 
second-order behaviour in the suspension. 
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The correct procedure would need to include speed and positioning of the 
HV wheels.  Provided some pre-conditions were met for this exercise, the 
OBM system output could be analysed after an impulse provided by (say) a 
pipe that was driven over by the HV under test.  A pipe as used in this series 
of tests or other discontinuities such as increasingly-prevalent speed bumps 
in transport yards would suffice as a forcing function. 
 
6.4 HV suspension testing – procedural 
considerations 
To test HV suspension in an in-service application, some pre-conditions 
would need to be met.  The following list is not exhaustive but relates tho the 
findings in this report: 
 vehicle speed at or below ~1.2 ms-1 (5 km/h) to keep tyre 
deformation to a minimum; 
 correct positioning of the HV wheels with respect to the pipe 
or other discontinuity used for excitation; 
 discontinuity not too great in height (e.g. 40 - 60 mm) to keep 
tyre deformation to a minimum; and 
 sufficient sampling rate of the measurement system, 
theoretically above 10 Hz but in the order of 50 Hz for a 
margin of error/factor of safety. 
 
6.5 FFT plots and signals strengths 
The fast Fourier transform (FFT) plots in Appendix 2 indicate that the body-
bounce frequency predominates as the largest peak in the frequency 
spectrum of the air springs of all the vehicles.  Whilst the 1−dT  method was 
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more precise and lent itself to finer analytical verification, a quick visual 
inspection of the FFT plots showed that the fundamental peaks were aligned 
with the damped natural frequency. 
The alignment of the peak values in the magnitude spectra for the VSB 11-
style step test and the pipe test coincide well.  This technique then presents a 
quick visual correlation between results for the expensive VSB 11-style step 
and the low-cost pipe test. 
Of note in the plots in Appendix 2 are the extraneous peaks in the spectra of 
the pipe test results for the semi-trailer, particularly around the frequency of 
interest.  These extra frequencies were not evident in the time-series of the 
pipe test signals (eg. Figure 23).  It was expected that these peaks were a 
function of the FFT software, rather than a function of the actual data.  
Nonetheless, whist these extraneous peaks provide some noise around the 
values of interest, in most cases the FFT should be able to be interpreted 
accurately.  In cases where it cannot, the 1−dT  method should suffice. 
The FFT plots in Appendix 3 show that the pipe test and the VSB 11-style 
step test both provided similar signal strength at the axles in the 1 – 4 Hz 
range.  This frequency range is important, since, as the suspensions acted as 
low-pass filters, it was these frequencies that were passed through to the air 
springs for measurement of damped natural frequency and damping ratio.  
Also of note is the comparison between the frequencies for the peaks in the 
spectra of the axle-to-body APT signals vs. the accelerometer frequency 
peaks.  The former were, as expected, in the 1 - 3 Hz range whilst the 
accelerometer signals showed peaks around the 8 - 13 Hz range, depending 
on vehicle.  This latter was axle-hop (de Pont, 1997, 1999; OECD, 1998). 
The concept of the suspension as a low-pass filter was also borne out by 
considering Figure 33 and Figure 34.  In these, it may be seen that the input 
signal, with its relatively high frequency axle hop component, caused a low 
frequency response at the air springs.  That HV suspensions filter out high 
frequencies to isolate the passenger/cargo area from ride harshness and 
vibration transmitted by imperfections in the road surface via the wheels and 
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axles has been postulated previously (Davis & Bunker, 2008b).  This 
proposition almost certainly extends to all automotive suspensions in some 
measure but that is venturing outside the scope of this project. 
 
6.6 Theoretical exercise using empirical data 
Prior experience (Davis & Sack, 2004, 2006) led to the conclusion, when 
formulating this test programme, that the pipe test results would yield an 
analysable, classical second-order result for the APT signals.  This 
expectation was not borne out for the semi-trailer or the coach due to 
experimental differences from previous testing (speed of traverse).  It was, 
however for the bus.  Accordingly, a computer model was developed for all 
the axles tested except the coach tag axle. 
When actual data gathered from the accelerometers during VSB 11-style 
testing were used as inputs to the generalised models for all the HVs tested, 
the results correlated well to the actual data.  Since the pipe test data from 
the semi-trailer and the coach were not conducive to analysis, the bus drive 
axle accelerometer data were input to the theoretical models for those HVs.  
From this exercise, theoretical damping ratio (ζ) and damped natural 
frequency (f) values for the coach drive axle and the semi-trailer axle were 
derived from actual accelerometer data from the successful pipe test on the 
bus.  With the notable exception of the coach drive axle damped natural 
frequency, good correlation was found where data was available (eg. f 
values) and cross-validation from empirical data input to the model showed 
that the pipe test, if used slowly enough on the semi-trailer and the coach 
would have yielded valid results for ζ. 
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Volvo Australia’s generosity in supplying suspension c and k values was 
very welcome; their advice was that the damping ratio (ζ) and damped 
natural frequency (f) values for Volvo bus and coach axles used in Australia 
have not been determined.  This was somewhat surprising given that many 
buses and coaches in Australia run at HML loadings (requiring RFS to be 
installed) and that many Volvo truck axles, similar to those on the bus and 
coach tested, have certification notices attached that state RFS compliance. 
 
6.7 The future 
That OBM systems may be used for characterisation of HV suspensions is a 
possibility that is being examined presently (Davis et al., 2008; Karl, 2007).  
One issue to be addressed in the future will be the sampling frequency of 
these systems as installed in HVs in service.  Previous testing has used a 
Tramanco telemetry system with sample intervals of 24.0 ms (41.66 Hz) 
with good results (Davis, 2006b; Davis & Sack, 2004).  That such sampling 
frequencies can be used with equivalent results to that from systems 
sampling at 1 kHz has been verified recently in other work (Germanchev & 
Eady, 2008). 
One issue of using OBM systems to measure dynamic signals and thence 
determine suspension health will be that of dissimilar axles on a vehicle such 
as tag axles on the coach tested or tridem axles with differently-sized wheels 
on prime movers (Davis, 2006b).  The suspension characteristics for the two 
dissimilar axles on the coach were not able to be distinguished separately for 
these tests using APT data.  Other work has been done using temporary 
accelerometers to determine suspension parameters for HVs with dissimilar 
axles.  This has had mixed results (Davis & Kel, 2007; Davis et al., 2007).  
Still, the VSB 11-style step test results did not provide consistent results in 
this regard, either.  This was somewhat surprising since this method is one of 
the “official” methods documented for determining suspension 
characteristics. 
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For cases of different axles on the same HV group, the use of OBM systems 
to determine suspension health will need to be used with caution and 
augmented judiciously by the use accelerometers, either permanent or 
temporary.  Of note is that accelerometers are already in use and integrated 
into some OBM systems to determine whether the HV is on level ground.  
This allows the operator to judge the veracity of the OBM system readout 
accuracy or, in more advanced applications, correct the raw transducer data 
before displaying a mass value (Davis, 2008b).  Hence, there is scope for 
including these instruments in future applications of suspension testing using 
OBM systems.  Otherwise, a temporary accelerometer fixed to the chassis 
may be used.  More work on this aspect of HV suspension testing will be 
needed at the national project level by the NTC or its contractors, given 
previous mixed results as noted previously in this report.  Regardless of 
method, a small discontinuity traversed by the HV in question remains the 
constant in the low-cost in-service HV suspension test proposition. 
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7 Conclusion 
7.1 VSB 11 vs. the pipe test 
HV suspension testing in Australia is currently defined by VSB 11 (Australia 
Department of Transport and Regional Services, 2004a).  Part of that test 
specification requires an impulse to be imparted to a HV suspension.  The 
resultant axle-to-chassis transient signal is measured and analysed for 
damping ratio and body-bounce frequency.  The step test is only one method 
of imparting an impulse into HV suspensions. 
The analysis documented in this report shows that the pipe test, when 
compared with the VSB 11 step down test, as documented: 
 imparts a similarly shaped time-domain impulse into HV 
suspensions; 
 imparts the required impulse for a comparable time; 
 has a similar frequency range, especially in the important 1.0 - 
3.0 Hz range; and 
 has a similar uniformity of power at each frequency, again in 
the important 1.0 - 3.0 Hz range. 
We have seen in the report that the discontinuity provided by the pipe was 
sufficient to provide an impulse of the appropriate characteristics and 
equivalent to that of the step down test used in VSB 11 to excite a HV 
suspension.  The results, from actual experimental data, of the response to 
the pipe test input were sufficient to yield dynamic suspension parameters 
with a worst-case error of 15% (Table 28 to Table 30).  This for the case 
when compared with manufacturer’s parameters (or our VSB 11-derived 
parameters, where manufacturer’s parameters were not available).  Further, 
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any errors were within this same margin as the results for VSB 11-style tests 
conducted contemporaneously with the pipe tests.  It is for noting that 
inequalities in VSB 11 testing outcomes when comparing left to right sides 
of the test vehicles ranged up to approximately 9% in come cases anyway. 
The pipe test provides valid and reliable outputs provided each axle of the 
suspension group be allowed to settle before the subsequent axle encounters 
the pipe.  This needs to be balanced against the requirement to have a short 
enough impulse imparted to the wheels to excite the suspension into a 
measurable response.  Single axles have some more margin as they do not 
have the two competing requirements.  All axle signals do, however, contain 
a wheel-hop component and this will need to be considered in any analysis.   
Further research on low-cost testing for dissimilar axles will need to be 
considered; these do make up a small minority of the HV in the fleet so a 
low-cost test programme need not be stalled on the basis of the perfect being 
the enemy of the good.   
 
7.2 In-service HV suspension testing – margins and 
mechanisms 
Sweatman et al., (2000) allowed a margin of 25% between the specification 
for in-service damping ratio and that of the lower bound under VSB 11; 
accordingly the margins of error here were not that concerning in 
comparison.  Further, an in-service test would not need to be particularly 
accurate if the suspension in question were monitored over some months 
(arduous service) or years (suburban service).  The degradation would be 
noticeable and presumably predictable within any experimental error.  
Accordingly, after the suspension reached some threshold, it could be 
referred to a more precise measurement technique or simply have its shock 
absorbers (and bushes, etc) replaced as a matter of course when it next came 
in for servicing. 
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The inaccuracy of no more than 15 % for both the pipe and step test results is 
acceptable for pass/fail field-testing.  This particularly so since the in-service 
testing will likely be conducted over a period, allowing trends to be detected 
amid any noise arising from errors in the readings when compared with 
actual values.  The error values found for this test programme when 
determining damping ratio (ζ) values, in particular, were surprisingly low 
since previous researchers noted difficulty in determining this parameter 
accurately (Woodroofe, 1995) and others who noted a 60% difference in 
values.  This variation was noted as being highly method-dependant (Prem et 
al., 1998; Uffelmann & Walter, 1994). 
 
7.3 Further work 
A computer model has been derived from empirical data and validated 
against empirical data inputs with, again, an error of not more than 15% at 
worst.  This model will be used in future research in the QUT/Main Roads 
project Heavy vehicle suspensions – testing and analysis, particularly so for 
a theoretical model of a multi-axle HV suspension with varying values of 
dynamic load sharing. 
 
7.4 In-service test for HV suspensions 
This report in its present state will be sent to the NTC as a contribution to the 
in-service suspension test project and will also form part of the final output 
in the QUT/Main Roads project Heavy vehicle suspensions – testing and 
analysis. 
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Appendix 1.  Definitions, Abbreviations & 
Glossary 
Terms, 
abbreviations 
and acronyms 
Meaning 
APT Air pressure transducer.  A device for emitting an electrical signal as a 
proportional surrogate of input air pressure. 
Axle hop Vertical displacement of the wheels (and axle), indicating dynamic 
behaviour of the axle and resulting in more or less tyre force onto the 
road.  Usually manifests in the frequency range 10 – 15Hz. 
Body bounce Movement of the sprung mass of a truck as measured between the axles 
and the chassis.  Results in truck body dynamic forces being transmitted 
to the road via the axles & wheels. 
Usually manifests in the frequency range 1 –  4Hz. 
Damping ratio  
 
How much the shock absorbers reduce suspension bounce after the 
truck hits a bump.  The damping ratio, zeta )(ζ  is given as a value 
under 1 (e.g. 0.3) or a percentage (e.g. 30%). 
DIVINE Dynamic Interaction between heavy Vehicles and INfrastructurE. 
DoTaRS Department of Transport and Regional Services.  An Australian 
Government department. 
FFT Fast Fourier transform.  A method whereby the Fourier transform is 
found using discretisation and conversion into a frequency spectrum. 
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Fourier 
transform 
A method whereby the relative magnitudes of the frequency 
components of a time-series signal are converted to, and displayed as, a 
frequency series.  If the integrable function is h(t), then the Fourier 
transform is: 
dteth
tiω
ωφ
−+∞
∞
∫=
-
)(  )(
 
Where: 
φ  is the Fourier series; 
ω is the frequency in radians/s; and 
1−=i  
(Jacob & Dolcemascolo, 1998). 
HML Higher mass limits.  Under the HML schemes in Australia, heavy 
vehicles are allowed to carry more mass (payload) in return for their 
suspension configuration being “road friendly”.  See VSB 11. 
HV Heavy vehicle. 
Hz Hertz.  Unit of vibration denoting cycles per second or s-1. 
MCV Multi-combination vehicle.  HVs with general arrangement or GVM greater 
than that of a semi-trailer. 
MLR Mass Limits Review.  The national project that resulted in the implementation 
of HML in Australia. 
NSW New South Wales 
NTC National Transport Commission 
OECD Organisation for Economic Co-operation and Development 
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Qld Queensland 
QUT Queensland University of Technology 
RFS “Road-friendly” suspension.  A HV suspension conforming to certain 
limits of performance parameters defined by VSB 11.  (Australia 
Department of Transport and Regional Services, 2004a) 
RSF Road stress factor.  An estimation of road damage due to the 4th power of 
instantaneous wheel-force given by: 
RSF = (1+6DLC2 + 3DLC4)P4stat 
Where DLC is as above and Pstat is the static wheel-force (Potter et al., 1997). 
VSB 11 Vehicle Standards Bulletin 11.  A document issued by DoTaRS that 
defines the performance parameters of “road-friendly” HV suspensions. 
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Appendix 2.  Fast Fourier plots – air spring 
signals 
For purposes of comparison of the two forcing functions used to excite the 
suspensions via an impulse, i.e: the pipe test and the VSB 11-style step test, the 
following Appendix has been formatted so that the FFTs from the same axle are 
displayed on one page.  This will allow comparison of the peak magnitude in the 
FFTs (and therefore the corresponding resonant damped frequency) between the two 
test methods. 
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Figure 51.  FFT of bus drive axle APTs – pipe test as impulse.  Test 244 
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Figure 52.  FFT of bus drive axle APTs – VSB 11-style step test as impulse.  Test 251 
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Figure 53.  FFT of coach drive axle APTs – VSB 11-style step test as impulse.  Test 51 
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Figure 54.  FFT of coach drive axle APTs – pipe test as impulse.  Test 50 
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Figure 55.  FFT of coach tag axle APTs – VSB 11-style step test as impulse.  Test 51 
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Figure 56.  FFT of coach tag axle APTs – pipe test as impulse.  Test 50 
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Figure 57.  FFT of semi-trailer front axle APTs – VSB 11-style step test as impulse.  Test 123. 
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Figure 58.  FFT of semi-trailer front axle APTs – pipe test as impulse.  Test 122. 
HV suspension characterisation - impulse testing & analysis 
 
 
159 
 
 
100 101
0
5
10
15
FFT of LHS APT signal
Frequency (Hz)
M
ag
n
itu
de
 
of
 
LH
S 
AP
T 
si
gn
al
 
(ar
bi
tra
ry
 
lin
ea
r 
sc
al
e)
100 101
0
5
10
15
FFT of RHS APT signal
Frequency (Hz)
M
ag
n
itu
de
 
of
 
RH
S 
AP
T 
si
gn
al
 
(ar
bi
tra
ry
 
lin
ea
r 
sc
al
e)
 
Figure 59.  FFT of semi-trailer mid axle APTs – VSB 11-style step test as impulse.  Test 123. 
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Figure 60.  FFT of semi-trailer mid axle APTs – pipe test as impulse.  Test 122 
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Figure 61.  FFT of semi-trailer rear axle APTs – VSB 11-style step test as impulse.  Test 123. 
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Figure 62.  FFT of semi-trailer rear axle APTs – pipe test as impulse.  Test 122. 
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Appendix 3.  Fast Fourier plots - accelerometer 
data 
Similar to the preceding Appendix, the FFTs of the accelerometer signals at the hubs 
on the axle of interest on the test HVs have been displayed on the same page for the 
two impulses used in the tests.  This should allow comparison of the strength and 
spectral uniformity of the input signals for the two forcing functions used to excite 
the suspensions, viz: the pipe test and the VSB 11-style step test. 
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Figure 63.  FFT of bus drive axle accelerometers – VSB 11-style step test as impulse.  Test 251 
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Figure 64.  FFT of bus drive axle accelerometers – pipe test as impulse.  Test 244 
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Figure 65.  FFT of bus drive axle accelerometers – pipe test as impulse.  Test 249 
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Figure 66.  FFT of coach drive axle accelerometers – VSB 11-style step test as impulse.  Test 51 
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Figure 67.  FFT of coach drive axle accelerometers – pipe test as impulse.  Test 50 
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Figure 68.  FFT of coach tag axle accelerometers – VSB 11-style step test as impulse.  Test 51 
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Figure 69.  FFT of coach tag axle accelerometers – pipe test as impulse.  Test 50 
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Figure 70.  FFT of semi-trailer front axle accelerometers – VSB 11-style step test as impulse.  
Test 123. 
 
100 101
0
5
10
15
20
25
FFT of LHS accelerometer signal
Frequency (Hz)
M
ag
n
itu
de
 
of
 
LH
S 
ac
ce
le
ro
m
et
er
 
si
gn
al
 
(ar
bi
tra
ry
 
lin
ea
r 
sc
al
e)
100 101
0
5
10
15
20
25
FFT of RHS accelerometer signal
Frequency (Hz)
M
ag
ni
tu
de
 
of
 
RH
S 
ac
ce
le
ro
m
et
er
 
si
gn
al
 
(ar
bi
tra
ry
 
lin
ea
r 
sc
al
e)
 
Figure 71.  FFT of semi-trailer front axle accelerometers – pipe test as impulse.  Test 122. 
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Figure 72.  FFT of semi-trailer mid axle accelerometers – VSB 11-style step test as impulse.  
Test 123. 
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Figure 73.  FFT of semi-trailer mid axle accelerometers – pipe test as impulse.  Test 122. 
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Figure 74.  FFT of semi-trailer rear axle accelerometers – VSB 11-style step test as impulse.  
Test 123. 
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Figure 75.  FFT of semi-trailer rear axle accelerometers – pipe test as impulse.  Test 122. 
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Appendix 4.  Damping ratio formula for half-
cycle underdamped sinusoidal decay. 
Thomson and Dahleh (1998), amongst others (Meriam & Kraige, 1993) provide the 
basis for the derivation of the formula for damping ratio in an underdamped second-
order system.   Already dealt with (Davis & Bunker, 2007) has been the derivation of 
the classical equation for the damping ratio zeta (ζ): 
22 )2( piδ
δζ
+
=
 
Equation 14
 
 
from the equation: 
21
2
ζ
piζδ
−
=
   
Equation 15
 
 
which was derived from first principles of the equations of motion of second-order 
systems (Meriam & Kraige, 1993; Thomson & Dahleh, 1998).  This derivation for:
 






=
2
1ln
A
Aδ
    
Equation 16 
where: 
A1 = amplitude of the first peak of the response; and 
A2 = amplitude of the third peak of the response; or 
A1 and A2 as the first two peaks of the response that are in the same direction (i.e. on 
the same side of the x-axis of the time-series signal of the response).  At the risk of 
repetition but to aid the reader, Figure 1 is repeated here as Figure 76 to illustrate these 
variables. 
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Figure 76.  Illustrating the values used to derive damping ratio of a second-order system. 
 
The starting point for this part of the exercise is Equation 15, derived from the 
equation of motion for a second-order underdamped system.  In deriving it, the value 
for δ, being the ratio of two peak values, is required.  Where a half-cycle of the 
response of a second-order system to an impulse is available, damping ratio may be 
found by using: 
 the first two peaks: A1, A1.5; and 
 half the damped natural period 
2
dτ ; 
as shown in Figure 76. 
Hence the period between A1 and A1.5 is half the damped natural period or 2
dτ
. 
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The damping ratio may be derived from the same equations of motion used to derive 
Equation 15, by restating Equation 1 in all its terms (Thomson & Dahleh, 1998): 
21
2
ζ
piζ
τζϖδ
−
= = dn  
Equation 17
 
then, substituting 
2
dτ
 for the period and adjusting the other sides of the equation for 
equality: 
22/1 12 ζ
piζτζϖδ
−
= =
d
n  
Equation 18
 
 
where: 
ζ  = damping ratio; 






=
5.1
1
2/1 ln A
Aδ
; 
ωn = undamped natural frequency; and 
dτ = damped natural period (Figure 76). 
Now, equating only the first and last parts of Equation 18 yields: 
 
22/1 1 ζ
piζδ
−
=
 
Equation 19 
 
⇒ 
2
22
2
2/1 1 ζ
ζpiδ
−
=
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⇒ 
 
 
⇒ 
 
 
⇒ 
 
 
⇒ 
 
 
⇒ 
 
 
⇒ 
 
 
⇒ 
222
2/1
2 )1( ζpiδζ =−
222
2/1
22
2/1 ζpiδζδ =−
222
2/1
22
2/1 ζpiδζδ +=
( ) 2222/122/1 ζpiδδ +=
22
2/1
2
2/12
piδ
δζ
+
=
22
2/1
2
2/1
piδ
δζ
+
=
22
2/1
2/1
piδ
δζ
+
=
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Equation 20 
n.b: this for 





=
5.1
1
2/1 ln A
Aδ
.
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